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ABSTRACT 

We have obtained new spectrophotometric data for 28 H II regions in the spiral galaxy NGC 300, a member 
of the nearby Sculptor Group. The detection of several auroral lines, including [Olll]A4363, [Slll]A6312 
and [N ll] A5755, has allowed us to measure electron temperatures and direct chemical abundances for the 
whole sample. We determine for the first time in this galaxy a radial gas-phase oxygen abundance gradient 
based solely on auroral lines, and obtain the following least-square solution: 12-i-log(0/H) = 8.57 (±0.02)- 
0.41 (±0.03) R/R25, where the galactocentric distance is expressed in terms of the isophotal radius /?25. The 
characteristic oxygen abundance, measured at 0.4x7?25, is 12-i-log(0/H) = 8.41. The gradient corresponds to 
-0.077 ±0.006 dexkpc"', and agrees very well with the galactocentric trend in metallicity obtained for 29 
B and A supergiants in the same galaxy, -0.081 ±0.011 dexkpc"'. The intercept of the regression for the 
nebular data virtually coincides with the intercept obtained from the stellar data, which is 8.59 (±0.05). This 
allows little room for depletion of nebular oxygen onto dust grains, although in this kind of comparison we are 
somewhat limited by systematic uncertainties, such as those related to the atomic parameters used to derive the 
chemical compositions. 

We discuss the implications of our result with regard to strong-line abundance indicators commonly used 
to estimate the chemical compositions of star-forming galaxies, such as R23. By applying a few popular cali- 
brations of these indices based on grids of photoionization models on the NGC 300 H II region fluxes we find 
metallicities that are higher by 0.3 dex (a factor of two) or more relative to our nebular (^^.-based) and stellar 
ones. 

We detect Wolf-Rayet stellar emission features in ^^1/3 of our H II region spectra, and find that in one of the 
nebulae hosting these hot stars the ionizing field has a particularly hard spectrum, as gauged by the 'softness' 
parameter r/ = (0"'"/0"'"'")/(S'^/S"'""'"). We suggest that this is related to the presence of an early WN star. By 
considering a larger sample of extragalactic H II regions we confirm, using direct abundance measurements, 
previous findings of a metallicity dependence of 77, in the sense that softer stellar continua are found at high 
metallicity. 

Subject headings: galaxies: abundances — galaxies: ISM — galaxies: individual (NGC 300) 



1. INTRODUCTION 

The spectral analysis of H II regions has been an invalu- 
able tool in astrophysics for the past few decades, provid- 
ing a straightforward means to measure present-day chemical 
abundances in a variety of galactic environments, which has 
led, for exampl e, to the study of radial abundance gradients in 
spiral galaxies ( |Vila-Costas & Edmunds|1992 Zaritsky et al. 



' Based on observations collected at the European Southern Observatory, 
Chile, under program 077.B-0269. 



T994J1. It has recently become possible to extend the nebular 
techniques to star-forming galaxies at high redshift ( ^Pettiiu] 



et al.||200T Shapley et al.||2004|, allowing the investigation 
of cosmic chemical enrichment (Kobulnicky & Kewley'2004| 
Savaglio et al. 2005 ; Maier et al. 2006 ; Liu et al. 2008 , Cowie] 
|S Barger 2008) in connection to fundamental proper ties 
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oF 



galax i es such as the mass-metallicity relation (Lequeux et al. 
Tremonti et iL||2004l |Erb et al.||2006t |Maiolino etlT 



1979 



2008 



Perez-Montero et al.|2b08] r 



The work on young massive stars to obtain reliable metal- 
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licities in nearby galaxies is less mature, due to the need 
for a sophisticated NLTE treatment of the physical processes 
involving millions of metal li nes in expanding a tmospheres 
jHilher & Miller] [T998; Paul drach et"ai:||20m] [Puis et al.| 
|2005| l, and the requirement for telescopes with large collect- 
mg areas to secure spectra of individual stars located a few 
Mpc away (Bresolin et al. 2001 2002a|l. While it is possi- 



ble to measure stellar metallicities from the integr ated spectra 
of young star clusters ( Larsen et al. 2006 2008|l or for star- 
formi ng galaxies at high redshift ( |Rix et al. 1120041 |Halliday| 
|et al.| [2008 ), more stringent tests that compare the chemical 
compositions of galaxies as obtained from Hll regions and 
massive stars should be carried out in nearby, well-resolved 
systems. In doing so, the comparison is limited to chemi- 
cal elements that are measurable in both types of objects and 
that, contrary to nit rogen, are largely unaffected by rota tional 
mixing (Maeder & Meynet"2000', ' Hunter et aL] [2007). For 
these reasons the abundances of oxygen, and more rarely iron, 
can be directly compared between ionized nebulae and young 
stars, mostly early-B dwarfs (within the Milky Way and in 
the Magellanic Clouds), and brighter A and B supergiants (in 
more distant galaxies). The expectation is that, once evolu- 
tionary effects in stars are properly accounted for, the present- 
day abundances derived from young massive stars and H II re- 
gions agree within the uncertainties of the measurements and 
of the modeling. 

In low-metallicity and generally chemically homogeneous 
galaxies, such as the Magellanic Clouds and a small num- 
ber of dwarf irregulars of the Local Group, the agreement 
found between Hll regio n and young star chemical abun- 
dances is satisfactory (e.g. Trundle & Lennon|2005[ Bresolin 



et al.||20()6 Lee et al. 2()06l. The possibiUties for compari- 



son are even fewer i n the case of spiral galaxies, as only data 
for the Mi lky Way (j Rollesto n et al.|[200 0'; Deh arveng et al.| 
2000; Daflon & Cunha 2004) and M33 ( Vflchez"e tar|1988t 
Urbaneja et al. 2005a, Magri ni et al.| [2007; Rosolo wsky & 



5imon„2008) have insofar allowed meaningful compansons. 



Yet, these are perhaps the most interesting cases, because the 
metallicity in spiral galaxies can span a wide range, from the 
metal-rich nuclear regions to the metal-poor outskirts, of up 
to 1 dex (as in the case of M101, |Kennicutt et al.|2 003 ). 

A well-documented complication in Hll region studies 
arises as the metallicity appr oaches the solar one [we adopt 
12H-log(O/H)0 = 8.66 from Asplund et al. |[2005l. The clas- 
sical method of nebular abundance analysis is based on the 
measurement of the [O III] A4363/A5007 line ratio, which is 
highly sensitive to the electron temperature of the gas, upon 
which the line emissivities strongly depend. As the neb- 
ular cooling shifts from optical to IR transitions with in- 
creasing metallicity (for example, approaching the centers of 
spiral galaxies), the auroral line [O III] A4363 becomes ex- 
tremely faint, and virtually unobservable in extragalactic H II 
regions near the solar metallicity, except for the brightest ob- 
jects. The common solution is to base the abundance mea- 
surements on line ratios that involve the strongest collision- 
ally excited lines that are present in nebular spectr a, such 
as R2 3 = ([O II] A3727h-[0 III] AA4959,5007)/H/3 (Pagel et al. 
|I979| l. However, the use of these techniques is not exempt 
from difficulties, and in particular different calibrations of 
'strong-line indices' in terms of the oxygen abundance lead to 



poorly understood systematic discrepancies (Bresolin 2008 



Kewley & Ellison 2008). Alternatively, deep observations 



aimed at the detection of [O III] A4363 or other auroral lines, 
such as [Siii]A6312 and [Nii]A5575, can be carried out to 



by-pass these calibration issues, in order to have a 'direct' 
measurement of the chemical abundances from the knowledge 
of the electron te mperatur e T^, as done recently b y our group 
([Kennicutt et al . 2003; G arnett et aLl |2004; Bres olin et"aLl 
2004 2005). Although this approach is potentially prone to 
systematic errors due to the effects of temperature gradients 
within the nebulae at high abundance (Stasinska 2005), the 
data suggest that t he direct abund ances are reliable at least up 
to the solar value ( |BresoUn|2007| l. 

A further issue in nebular astrophysics is represented by 
the so-called 'abundance discrepancy', consisting in the fact 
that when O II recombination lines are used to determine O"*"*" 
abundances in place of the much stronger [O III] coUisionally 
excited lines, the resultin g total oxygen abundances are larger, 
by 0.2 dex on average (G arcfa-Rojas & Esteban|[2007 1. The 
effect is measured in Galactic H II regions, ionized by on e or 
few stars, such a s the Orion nebula, M8 and M17 (Estebanj 
et al. 2004[ IGarcfa- Rojas et al. 2007), as well as in more 



lumin ous ex tragalactic Hll regions, such as 30 Dor in the 
LMC (jPeiinbert 2003), NGC 604 in M33 and others (|Esteban 



et al 



other 



2002 2009|rAs shown by [Garcfa-Rojas & Esteban 
the effect does not seem to depend on metallicity or 



nebular parameters, and can be interpreted with the 
presence of temperature fluctuations in H II regions (Peimbertj 



1967 1. The size of the discrepancy is large enough that it 
would affect the comparison between nebular and stellar 
abundances in such a way that it should be possible to discern 
which nebular abundance determination method best agrees 
with the stellar measurements. 

In this paper we reassess the issue of present-day chemical 
abundances determined jointly from H II regions and massive 
stars by analyzing new H II region spectroscopy obtained in 
the southern spiral galaxy NGC 300. This Scd galaxy is lo- 
cated in the Sculptor Group at a Cepheid distance of L88 Mpc 
( Gieren et al.|2005 l. Table [T] summarizes some essential pa- 
rameters of tms galaxy. Its proximity has made it the sub- 
ject of a number of investigations during the past decade 
concerning the stellar populations in the central/nuclear re- 
gions (Davidge 1998; Walcher et al. 2006) and in the out- 
skirts (Tikhonov et al. 2005; Bland-Hawth orn et al.||20()5l 
,Mouhcine 2006, Vlajic et al. 2009), the star formation his- 



tory (Butler et al. 5D04), Wolf-Rayet stars and OB associa- 



tions (|Schild et al. 112003 ; Pietrzynski et al."2001), planetary 
nebulae (Soffner et al. 1996; Pena et al. 2009 ), variable stars 



( Pietrzy nski et al. 2002; Mennicken t et al.j200 4), dust content 
(Helou et al. 2004; Roussel et al. 2005 D, X-ray sources (Read] 
&^ Pietsch 2001; Carpano et al. 2005), s upernova remnants 
( |Blair & Long„1997, .Pannuti et al.„2000] [Pay ne et al.|2004i 
and UV emission properties ( [Munoz-Mateos et al. 2007^1 

Spectroscopic work on the blue supergiants of NGC 300 has 
recently been carried out by our group. Following the spec- 
tral classification of nea rly 70 stars by |BresoUn et a l. (2002a), 
[Urbaneja et al.| ( [2005b l) measured O, Mg and Si abunda nces 
for six early-B supergiants, while Kudritzki et al. (2008) de- 
rived metallicities for 24 B8-A4 supergia nts. H II regio n abun- 
dances have been first measured by Pagel et al. ( \ 919\ in their 
seminal paper that introduced the R23 abundance indicator. 
Subsequent abundance studies were carried out by W ebster] 
[& Smith[ ([l983), Edmunds & Pagel (1984), Deharven g etaEl 
( [I988[ ) and TChristensen et al., ( ,1997i ). Additional nebular spec- 
troscopi c work includes various searches for Wolf-Rayet (W- 
R) stars QD'O dorico e t al.|f983i[Schild & Testor|1992[[Schild] 
[et al.pOCiSl 'among others), and the search for supernova rem- 
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TABLE 1 
NGC 300: GALAXY PARAMETERS 



Parameter 



Value 



R.A. (J2000.0) 00:54:53.48 

Decl. (J2000.0) -37:41:03.8 

Morphological type Scd 

Distance 1.88 Mpc" 

R25 9^75 (5.33 kpc) 

Inclination 39.° 8 

Position angle of major axis 114.°3 

Heliocentric radial velocity 144 km s^* 



B J. 



8.49" 
-17.88 



Note. — All parameters from the HyperLeda database jPaturel| 



et al. 



2003[, except where noted. calculated from B^- and the 



adopted distance, 
□leren et al. 1 2005 1 
35 Vaucouleurs et aL||l99T) 



nants by [Blair & Long] ( [T997] l. |Deharveng etaT] ( fTOSS] ) pre- 
sented a catalog of 1 76 HiTregion s in NGC 300, supersed- 
ing a previous one by Sersic| (|1966'), and discussed the radial 
abundance gradient from a compilation of new and previously 
published spectral data for 28 H II regions. 

Despite all of these studies, until now only two H II regions 
in NGC 300 had a direct, [O III] A4363-based determination 



of the o xygen abundance (one each in ' Pagel et aL]|1979 and 
Webster & Smith 1983), limiting considerably the accuracy 
with which the metallicity gradient is known for this galaxy. 
The availability of metallicity deter mination s for a larg e num- 
ber of star s in NGC 300 (Urbane ja et al.| [2005b; Ku dritzki] 
et al.|2008) l provided the motivation to carry out a modern re- 
evaluation of the nebular abundances in this galaxy, with the 
goal of measuring high-quality, direct abundances from the 
detection of the auroral lines. The data presented here allow 
a new comparison between stellar and Tf-based Hll region 
abundances, only the third of its kind for a spiral galaxy, after 
the Milky Way and M33. As we will show, this kind of com- 
parisons has important implications, for example concerning 
the calibration of strong-line abundance methods. 

Our paper is organized as follows: the new observations and 
the data reduction are presented in § 2, followed by the deter- 
mination of electron temperatures of the ionized gas from the 
auroral lines in § 3. Chemical abundances are derived in § 4, 
and we discuss the abundance gradient in NGC 300, compar- 
ing Hll regions with young stars, in § 5. The discussion in 
§ 6 focuses on results of similar comparisons in other galax- 
ies, and presents comments on the strong-line methods, the 
W-R star content, and the properties of the ionizing radiation 
in a wider sample of Hll regions. We summarize our main 
results in § 7. 

2. OBSERVATIONS AND DATA REDUCTION 

Multi-object spectroscopy of H II regions in NGC 300 was 
obtained on the nights of August 17 and 18, 2006 at the Very 
Large Telescope of the European Southern Observatory on 
Cerro Paranal. The FORS2 instrument was used with 1 arc- 
sec slits to cover targets in three different 6. '8 x 6. '8 regions 
of the galaxy, located near the galactic center (with two sep- 
arate multi-object setups), as well as east and north-west of 
the center (one setup each). The targets had been selected 
from narrow -band Ha images obtained on July 1, 2006 with 
the same instrument. The sky conditions were clear, and the 
seeing varied between 0.5 and 0.9 arcsec during most of the 



observing run (the seeing was 1.3 arcsec at the end of the run, 
while observing additional H II regions in the central field). 

Because of the requirement of covering a fairly extended 
wavelength range (from [O ll] A3727 to [S III] AA9069,9532) 
at a moderate spectral resolution (5-10 A), we combined each 
object mask with three different grisms: 600B (4 x 1800s ex- 
posures, approximate range: 3500-6000 A for a slit located 
near the center of the detector, 4.5 A FWHM spectral reso- 
lution); 600R (4 X 1800s, approximate range: 5300-8300 A, 
5 A resolution) and 3001 (2 x 900s, approximate range: 6100- 
10000 A, 10 A resolution). 

The first stages of the data reduction, including bias sub- 
raction, flat field correction and wavelength calibration, were 
carried out with the EsoRex pipeline provided by the Euro- 
pean Southern Observatory . Cosmic rays were r emoved with 
the L. A. Cosmic routine ( |van Dokkum||200 ll), while stan- 
dard IRAF^ tasks were used for the spectral extractions, image 
coadditions and flux calibration (we obtained spectra of the 
specti-ophotometric standards BPM 16274, EG 21, EG 274, 
LDS 749B and NGC 7293). 

Since in this paper we focus on direct measurements of the 
H II region chemical abundances, without relying on statisti- 
cal abundance indicators, we limit our discussion to the 28 
targets for which we could measure reliable electron temper- 
atures from auroral-to-nebular line ratios, with the methods 
explained in § 3. The spatial distribution of this sample is 
shown in Fig.fTl while the celestial coordinates of the targets 
and their identification from previous studies are summarized 
in Table l2] The positions were measured on an Ha image 
taken by FB in August 2000 at the MPG/ESO 2.2m telescope 
on La Silla, equipped with the Wide Field Imager The rms 
uncertainty of the astrometric solution, derived using stars in 
the USNO catalog, is 0.4 arcsec. 

The deprojected galactocentric distances in Col. 4 are given 
in terms of the 25th magnitude B-band isophotal radius, 
R2i = 9'.15 (=5.33 kpc at the adopted distance of 1.88 Mpc), 
and were calculated adopting the disk parameters reported in 
Table |T| As Table |2] shows, alm ost all of our targets are in- 



cludedin the catalog compiled by lDeharveng et aL| ( |1988 
tries from this catalog will be indicated with the prefix 



en- 
"De). 

The only exceptions are our objects #3 and #21, both rather 
compact Hll regions (#21 could be the eastern extension of 



1988 considered as a single object. 



what Deharveng et al 
De 100 in their catalog) 

The reddening-corrected emission lines presented in Ta- 
bles [3] and |4] were measured with the splot task in IRAF. 
The reddening correction was obtained with an iterative pro- 
cedure fro m the B aimer decreme nt, assuming case B H I line 
ratios (Hummer & Storey 1987 1, calculated at the electron 
temperatures derived from the auroral lines, simultaneously 
determining the correction for the underlying stellar absorp- 
tion. The interstellar reddening law of Seaton| (T979 ) has been 
adopted. The internal consistency of the flux calibration in the 
blue was checked by ensuring that the strengths of the higher 
order lines of the Balmer series that are still measurable in 
our spectra (H9-H1 1) agree, within the errors, with the case B 
predictions. 

The line flux errors were calculated using the expression by 

^ IRAF is distributed by the National Optical Astronomy Observatories, 
which are operated by the Association of Universities for Research in As- 
tronomy, Inc., under cooperative agreement with the National Science Foun- 
dation. 
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Fig . 1 . — Location of the H II regions studied in this work on a nan'ow-band Ha image of NGC 300 (courtesy ESO). The H II regions are numbered in order of 
increasing right ascension. The dashed lines represent the location of the projected 0.5 R25 and R25 radii (R25 = 9.'75). 



[Gonzalez-Delgado et alT] ( [T994) i: 

f7/ = CTco„tA^'/'[l+£W/(A^A)]i/2 



(1) 



where ficont is the standard deviation of the continuum near 
the emission line, is the width of the region used to mea- 
sure the Hne in pixels, A is the spectral dispersion in A pixel"' , 
and EW represents the equivalent width of the line. The final 
errors quoted in Tables [3]and|4]include, added in quadrature, 
contributions of 1% ana 4% aue to the uncertainties in the 
flat fielding and the flux calibration, respectively, as well as 
the uncertainty in scaling spectra obtained through different 
grisms (estimated to be 3%). In propagating the errors we 
also accounted for the uncertainty in the extinction coefficient 
c(H/3), which amounts to about 0.07 mag. The H/3 line flux 
that appears in Col. 9 of Table |4] has been corrected for ex- 
tinction, and should be regardea as a lower limit of the real 
flux, due to slit losses. The missing entries for the He I A5876 
and/or [Slll]A6312 lines are due to the fact that the 600R 
grism introduces a shift along the spatial direction, so that 
spectra near the top edge of the two 2048x2048 FORS2 de- 
tectors cannot be recorded. In one case [N ll] A5755 is also 
missing, because the line could not be measured in the blue 
(600B) spectra, while in all of the remaining targets this line 
was measured in either the red (600R) or the blue spectra, or 



in both. 

Only one of our targets, 
list of optically-selected supernova remnants (SNRs) by|Blair 



#27 (=Del59), appears in the 



& Long| ( 19971 ) as their source NGC300-S28. 
modest [OT]X\6300,6360 emission ([O l]/Ha = 



We detect a 
0.04), but the 



shock excitation diagnostic line ratios [O i]/Hq; and [ S Il]/Ha 
that we measure are 3 and 2.5 times smaller than the IB lair &1 
Long (1997 )'s values, respectively. We find [S Il]/Ha = 0.29, 
considerably smaller than the minimum value of 0.4 com- 
monly adopted in SNR searches to discriminate against pho- 
toionized nebulae, but this is also the largest [S Il]/Ha ratio 
in our sample. This H II region appears as being composed 
of two separate bright knots, so it is likely that the object 
center ed in our sl i t does not correspond to the one observed 
by Blair & Long ( 1997| l. In fact, while we do detect a few 
faint emission fines, such as [Mg l] A4562 and [Fe III] A4658 
and A5270, fo und in the spectra of SNRs (e.g. Osterbrock &| 
|Dufour|[l973[ ), this spectrum would not be flagged as that of 
a SNR o n~Ee basis of a [S Il]/ Ha vs. [N Il]/Ha diagnostic 
diagram ( [Sabbadin et al.| [19771i. We conclude that the SNR 
spectrum is fairly diluted by the Hll region spectrum, and 
we keep this target in our analysis. A number of additional 
SNRs within H II regions have been dis covered in NGC 300 
wit h radio conti nuum observations by Pannuti et al.| ( |2000| l 
and |Payne et al.| ( |2004) . Among these are several H II regions 
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TABLE 2 
H II REGION SAMPLE 



ID 


R.A. 


Decl. 


R/R25 


ID 




(J2000.0) 


(J2000.0) 






(1) 


(2) 


(3) 


(4) 


(5) 



10. 

11. 

12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 



00 


54 


16.22 


-37 


34 


35.9 


1.03 


5 


(W16) 


00 


54 


16.28 


-37 


34 


54.9 


1.01 


6 


(P7;W 14-15; Dl) 


00 


54 


17.98 


-37 


35 


33.2 


0.93 






00 


54 


22.83 


-37 


34 


25.9 


0.97 


12 




00 


54 


28.70 


-37 


41 


32.8 


0.55 


24 


(W11;D2;S13) 


00 


54 


28.83 


-37 


38 


36.3 


0.56 


25 




00 


54 


31.70 


-37 


38 


01.5 


0.55 


30 




00 


54 


32.20 


-37 


38 


37.7 


0.50 


32 


(S 19) 


00 


54 


35.35 


-37 


39 


35.3 


0.40 


37 




00 


54 


38.16 


-37 


41 


44.8 


0.36 


39 


(S21) 


00 


54 


40.53 


-37 


43 


03.1 


0.41 


46 


(S 23) 


00 


54 


40.56 


-37 


40 


55.3 


0.27 


45 


(W4;D3) 


00 


54 


42.29 


-37 


38 


56.1 


0.33 


50 




00 


54 


43.42 


-37 


43 


09.3 


0.38 


53A 


(P5;W5;D6;S29) 


00 


54 


44.22 


-37 


40 


25.7 


0.20 


56 




00 


54 


44.52 


-37 


40 


03.1 


0.21 


58 




00 


54 


45.28 


-37 


38 


46.5 


0.31 


61 


(S31) 


00 


54 


45.37 


-37 


37 


56.1 


0.41 


63 




00 


54 


50.34 


-37 


38 


22.6 


0.34 


77 


(P1;D7;S38) 


00 


54 


51.69 


-37 


39 


38.7 


0.18 


84 


(S41) 


00 


54 


57.02 


-37 


41 


12.4 


0.08 






00 


55 


00.38 


-37 


40 


35.4 


0.17 


109 


(P2;D9;S53) 


00 


55 


03.56 


-37 


42 


48.5 


0.28 


118A 


(D11;S59) 


00 


55 


03.65 


-37 


43 


19.4 


0.33 


119A 


(W6;D12;S58) 


00 


55 


08.53 


-37 


41 


42.3 


0.32 


128 




00 


55 


12.58 


-37 


41 


39.2 


0.40 


137A 


(W7;D14) 


00 


55 


33.94 


-37 


43 


12.8 


0.86 


159 


(P4; S80) 


00 


55 


36.45 


-37 


41 


49.7 


0.91 


161 





Note. — Units of right ascension are hours, minutes and seconds, and units of declination are 
degrees, arcminutes and arcseconds. Col. (1): Hll region identification. Col. (2): Right Ascension. 
Col. (3): Declinati on. Col. (4): Galactocentric distance in units of R25 = 9.7 5 arcmin. Col. (5) : 
Identification from |Deharveng et al. ( 1988 1. Additional IDs in brackets - P: IPagel et al.l 11979), 

ic\l\%h\ ' 



[Edmunds & PageI]jHjH4t ; W: |Webster '& Smrth|^l983) ; D: |D'Odorico et al.|jl983t ; }j: |}jersicHigSSy 



in our sample (D39, D53A, D61, D77, D84, D109, D118A, 
D119A, D137A and D159). From our line ratios we do not 
find evidence for significant shock excitation in these targets. 

3. ELECTRON TEMPERATURES 

The knowledge of the electron temperature of H II regions 
is crucial to obtain reliable nebular chemical abundances, be- 
cause of the exponential temperature dependence of the line 
emissivity. In typical extragalactic work the most common au- 
roral line used for determinations, [O III] A4363, becomes 
very weak at moderately large oxygen abundance, as a result 
of the increasing cooling of the gas with metallicity. Some- 
what surprisingly, the only previous detections of this line in 



NGC 300 are those in region 7 of Pagel et al. 



gion 2 = De 6) and in region 7 of Webster & Smith|( 1983 



our 

region 26 = De 137A). Our much deeper spectra allowed us to 
detect [O III] A4363 in 20 H II regions. Moreover, it has been 
shown that for faint extragalactic H II regions the auroral lines 
of other ions, in particular [S III] A6312 and [N ll] A5755, can 
be used as surrogates of [O III] A4363 when the latter is not 
detected , especially at gas metalli cities approaching the so- 
lar one ( |Bresolin et al.| 2004, 2005 ), albeit the derived elec- 
tron temperatures and chemical abundances are somewhat 
model-dependent, and carry larger uncertainties. We have de- 
tected the [S III] A6312 auroral line in 8 additional objects, and 
we derived electron temperatures for the O""^ emitting region 
from this line, as explained below. 
In the analysis of extragalactic H II regions it is customary 



to assume a nebular structure that is described by a two- or a 
three-zone representation. Each zone is defined by an electron 
temperature, at which specific ions are found to be the dom- 
inant emitting species. In this paper we assume a three-zone 
representation, characterized by the temperatures TCO"^), 
T(S^) and T(O^), in order of decreasing ionization potential 
of the ions that provide suitable emission lines for the temper- 
ature measurement. We assume that T(O^) is the temperature 
at which the [O III] and [Ne III] Hnes are emitted (= T[0 III]), 
and which is derived from the [O III] A4363/AA4959,5007 
line ratio. The ions [S III] and [Ar III] are assumed to be 
found at the temperature TCS"^), which is measured as T[S III] 
from the [S III] A6312/AA9069,9532 line ratio. Finally, the 
lower excitation ions [O ll], [S ll] and [N ll] are found in the 
zone characterized by T(0"^), which is typically measured as 
T[Oll] from [O ll] A7325/A3727. Alternatively, one could 
also measure T(0"'") from nitrogen or sulphur lines, using 
the [Nii]A5755/AA6548,6583 and [S ii] A4072/AA6717,6731 
auroral-to-nebular line ratios. Photoionization models predict 
correlations betw een th e temperatures of the different zones 
(Stasihska 1982, IMF; Campbell et al. 1986; Garnett 1992 
Perez-Monte ro & Diaz 2003, Izotov et al. 2006 Pilyugi^ 
2007). This is often exploiteid to infer the line temperature 
for ions that are not detected in nebular spectra. 

We have derived electron temperatures Tg from the differ- 
ent line ratios mentioned in the previous paragraph, using the 



I 



temden program ( |De Robertis et alT] I987[), im plemented in 
IRAF's nebular package ( Shaw & Dufour|1995 1. We updated 
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TABLE 3 
Reddening-corrected fluxes (A) 





ID 


[Oil] 


[Ne III] 


[S II] 


[Oiii] 


[O III] 


[Nil] 


He I 


[S III] 




[Nil] 






3727 


3868 


4072 


4363 


5007 


5755 


5876 


6312 




6583 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 




(10) 


1 




243 ± 17 


20.6 ± 1.4 


2.31 ± 0.23 


3.38 ± 0.24 


321 ± 19 










13.5 ± 0.9 


2 




166 ± 12 


33.8 ± 2.3 


1.39 ± 0.11 


5.59 ± 0.35 


504 ± 29 


0.18 ± 0.03 


12.5 ± 0.8 


1.85 ± 


13 


7.7 ± 0.5 


3 




373 ± 27 


4.6 ± 0.5 


3.46 ± 0.37 


1.16 ±0.19 


119±7 


0.00 ±0.15 


11.5 ±0.8 


0.00 ± 


11 


23.4 ± 1.6 


4 




286 ± 20 


14.9 ± 1.0 


2.20 ± 0.19 


2.14 ± 0.17 


253 ± 15 


0.00 ±0.12 


13.0 ± 0.8 


1.73 ± 


16 


20.4 ± 1.3 


5 




296 ± 21 


10.2 ± 1.1 


3.25 ± 0.42 


1.10 ± 0.15 


226 ± 13 


0.00 ± 0.08 


11.9 ± 0.8 


1.34 ± 


16 


29.7 ± 2.0 


6 




275 ± 20 


13.9 ± 1.0 


3.23 ± 0.25 


1.16 ± 0.14 


246 ± 14 


0.00 ±0.12 


13.2 ±0.9 


1.38 ± 


16 


27.2 ± 1.8 


7 




134 ± 10 


75.1 ± 5.3 


3.64 ± 0.27 


9.07 ± 0.59 


908 ± 53 


0.00 ± 0.08 








15.6 ± 1.1 


8 




307 ± 22 


7.2 ± 0.6 


2.23 ± 0.17 


0.77 ± 0.10 


144 ± 8 


0.50 ± 0.08 


12.1 ± 0.8 


1.32 ± 


12 


34.1 ± 2.2 


9 




172 ± 12 


12.0 ± 0.8 


1.95 ± 0.15 


0.89 ± 0.08 


235 ± 14 


0.00 ± 0.04 


13.1 ± 0.8 


1.09 ± 


08 


32.5 ± 2.1 


10 




180 ± 13 


13.1 ± 0.9 


1.13 ± 0.09 


0.91 ± 0.07 


236 ± 14 


0.23 ± 0.02 


11.0 ±0.7 


1.11 ± 


08 


19.2 ± 1.3 


11 




258 ± 19 


10.0 ± 0.7 


2.74 ± 0.26 


1.11 ± 0.18 


201 ± 12 


0.00 ± 0.07 


11.5 ± 0.8 


1.34 ± 


12 


29.3 ± 1.9 


12 




262 ± 19 


0.0 ± 0.2 


2.80 ± 0.25 


0.00 ±0.11 


30 ± 2 


0.37 ± 0.09 


8.6 ± 0.6 


0.73 ± 


07 


54.1 ± 3.5 


13 




246 ± 18 


3.9 ±0.3 


2.06 ± 0.38 


0.00 ±0.21 


119± 7 


0.63 ± 0.08 


13.1 ± 0.9 


1.04 ±0 


09 


40.2 ± 2.6 


14 




248 ± 18 


8.1 ± 0.6 


1.78 ± 0.12 


0.75 ± 0.06 


181 ± 11 


0.40 ± 0.03 


11.6 ± 0.8 


1.40 ± 


10 


41.1 ± 2.7 


15 




185 ± 13 


2.6 ± 0.2 


2.22 ± 0.19 


0.00 ±0.11 


92 ± 5 


0.57 ± 0.11 


12.5 ± 0.8 


1.10 ± 


10 


58.1 ± 3.8 


16 




264 ± 19 


3.4 ± 0.3 


3.93 ± 0.30 


0.00 ± 0.34 


95 ± 6 


0.69 ± 0.14 


11.2 ± 0.8 


0.99 ± 


12 


54.1 ± 3.6 


17 




213 ± 15 


6.6 ± 0.5 


1.29 ± 0.09 


59 + 05 


192 ± 11 


0.34 ± 0.04 


13.6 ± 0.9 


1.32 ± 


11 


27.6 ± 1.8 


18 




259 ± 18 


4.6 ± 0.3 


2.10 ±0.17 


0.00 ±0.10 


118±7 


0.41 ± 0.06 


11.1 ±0.7 


1.26 ±0 


10 


46.8 ± 3.1 


19 




192 ± 14 


6.8 ±0.5 


2.17 ± 0.26 


0.61 ± 0.05 


165 ± 10 


0.25 ± 0.03 


15.0 ± 1.0 


0.95 ± 


07 


23.3 ± 1.5 


20 




146 ± 10 


9.9 ± 0.7 


1.15 ± 0.09 


0.71 ±0.06 


227 ± 13 


0.28 ± 0.03 


12.8 ±0.8 


1.15 ± 


08 


23.9 ± 1.6 


21 




217 ± 16 


3.3 ± 0.4 


3.42 ±0.31 


0.00 ± 0.09 


103 ± 6 


0.63 ± 0.08 


9.6 ±0.7 


1.09 ±0 


12 


72.7 ± 4.8 


22 




270 ± 19 


3.3 ± 0.3 


3.42 ± 0.34 


0.00 ±0.16 


77 ± 4 


0.47 ± 0.06 


10.6 ± 0.7 


0.82 ± 


08 


61.5 ±4.0 


23 




176 ± 13 


9.8 ±0.7 


1.61 ± 0.13 


0.57 ± 0.07 


198 ± 12 


0.28 ± 0.02 


11.7 ±0.8 


0.99 ± 


09 


27.8 ± 1.8 


24 




197 ± 14 


5.2 ±0.4 


1.12±0.11 


0.62 ± 0.05 


180 ± 10 


0.37 ± 0.03 


12.6 ±0.8 






32.4 ±2.1 


25 




287 ± 21 


4.2 ± 0.3 


2.15 ± 0.20 


0.00 ± 0.26 


133 ± 8 


0.60 ±0.12 


10.4 ± 0.7 


1.07 ± 


13 


44.0 ± 2.9 


26 




160 ± 11 


11.2 ±0.8 


1.77 ± 0.16 


1.19 ± 0.10 


259 ± 15 


0.27 ± 0.03 


12.2 ±0.8 


1.43 ±0 


10 


20.3 ± 1.3 


27 




357 ± 25 


9.8 ± 0.7 


5.44 ±0.36 


1.59 ± 0.11 


178 ± 10 


0.54 ± 0.07 


12.2 ± 0.8 


1.50 ±0 


11 


31.8 ± 2.1 


78 




. 314 ±22 


12.7 ± 0.9 


2.04 ±0.15 


1.89 ±0.13 


244 ± 14 


0.43 ± 0.10 


11.8 ± 0.8 


1.51 ± 


19 


21.3 ± 1.4 



Note. — The line fluxes ai-e in units of H/3 = 100. 



most of the atomic parameters used by the code, adopting 
colHsional strengths and transition probabilites from recent 
sources in the literature, and summarized in Table |5] for the 
ions of interest. The electron densities Ng presented in Col. 7 
of Table [6] were derived iteratively as a function of with 
temden from the [S ll] A6717/[S ll] A6731 Une ratios. At very 
low densities ( A6717/A6731 approaching its maximum theo- 
retical limit) we set A^^ = 20 cm 

In Fig. |2] we plot the relationships between T[0 ill] and 
T[Slll] (top), T[Nll] (middle) and T[Oll] (bottom). We in- 
clude for comp arison the corre lations predicted by photoion- 
ization mode ls: |Garnett|(|1992[ G 92), |Perez-Montero & Diaz] 
p005, P05), llzotov et al | (|2006l 106, their highest metalUc- 

S90), using for the latter the 

T994]l. 



The bottom panel of Fig. |2] shows that the observe d T[0 ll] 



ity bin), and Stasihska] (| 1990 



fits provided by Izotov et al. 
a tight correlation between T 



The top panel shows 
6 Illj and T[S ill], confirming 
ear lier empirical measurem ents in Hll regions within IVIlOl 
by [Kennicutt et aL] ( |2003[ ). The rm s deviations of the data 
points from the model predictions of Gamett ( 1992 full red 



line) and llzotov et al.|( |2006[ black dotted c urve) are compara- 
ble (410 K^vsT^TDTOrwHiIe the models by Perez-IVIontero & 



Diaz (2005) provide a slightly worse fit to the data (the scatter 
around their model line is 560 K). 

In the case of T[N ll] vs. T[0 III] (Fig. |2] middle) a clear 
correlation is also seen, but the fit to the model predictions is 



not as good as in the T[S 111] case. Formally the Izotov et al. 
(|2006 ) models provide the best fit to the observations, but the 
error bars for the points with the h ighest electro n temperatures 

12006 ) models 



Izotov et al. 



are large, while below lO'* K the 
are virtually indistinguishable from the |Garnett|fl992) mod- 
els. 



vs. T[0 III] relation is in rough agreement with the Garnett 
(jl992|) prediction, although the scatter is considerably larger 
than in the previous two cases. This could be related to 
the fact that the T[0 ll] temperature is sensitive to the elec- 
tron density through coUisional de-excitation. At lO'* K a 
change of 50cm~^ around a nominal density of 100 cm ""^ 
results in a temperature variation of ±350 K (the effect is 
instead negligible for the other ion temperatures, except for 
T[S II], for which the variation is ±260 K). Predictions of 
the relat i on be tween T[0 ll] and T[0 III] from |Perez-Montero] 
|& Dfaz| ( |2003| are shown for three different values of A^^,: 
10, 100 and 500 cm~^. The density values we derive from 
[S II] A6717/[S II] A6731 are mosdy below 100 cm"^^ (only in 
four cases we measure densities that are only moderately 
above this limit, up to 250 cm see Table pi, and we do 
not see a correlation between the measured A^^, and the posi- 
tion of the data points in the diagram. The rms scatter of the 
points around the Garnett ( 1992) model prediction is 800 K, 
and d oes not increase with temperature, as in stead suggested 
by the[P6rez-]VIontero & D iaz (2003) models. [Kennicutt et al.| 
( |2003p list a number of physical reasons, besides collisional 
de-excitation, that could help explain the scatter seen in the 
relation between T[Oll] and T[Olll], including shocks and 
radiative transfer effects. Observational uncertainties might 
play a role, too, given the large wavelength baseline between 
[0 11] A3727 and the auroral Une [O ll] A7325, and the con- 
tamination of the latter (which is actually [O ll] AA7320,7330) 
by ai rglow OH lines at AA 7316, 7329, 7341 A (wavelengths 
from |Osterbrock et al.|1996) . We note that we have corrected 
the auroral hne intensity [O ll] A7325/H/? for recombination 



Abundances in NGC 300 



TABLE 4 
Reddening-corrected fluxes (B) 



ID 


He I 


[Sll] 


[Ann] 


[On] 


Hi 


[Slll] 


Hi 


F(H/3) 


c(m 




6678 


6717+6731 


7135 


7325 


9015 


9069 


9229 


(erg s"' cm"^) 


(mag) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 



1 2.9 ±0.2 22.1 ±1.0 

2 3.1 ±0.2 17.4 ±0.8 

3 2.8 ± 0.2 52.0 ±2.5 

4 3.9 ± 0.3 33.2 ±1.6 

5 3.3 ± 0.2 52.7 ±2.5 

6 3.3 ± 0.2 38.6 ±1.8 

7 3.1 ± 0.3 34.9 ±1.7 

8 3.1 ±0.2 44.2 ±2.1 

9 3.5 ± 0.2 33.1 ±1.5 

10 3.0 ±0.2 16.3 ±0.8 

11 3.5 ±0.2 41.8 ±2.0 

12 2.5 ± 0.2 72.5 ±3.4 

13 2.9 ± 0.2 37.5 ±1.8 

14 3.8 ±0.2 41.6 ±1.9 

15 3.5 ±0.2 48.0 ±2.3 

16 3.1 ± 0.2 53.0 ±2.5 

17 3.3 ± 0.2 27.3 ±1.3 

18 3.6 ± 0.2 57.2 ±2.7 

19 3.8 ±0.2 30.6 ±1.4 

20 3.6 ±0.2 20.0 ±0.9 

21 3.0 ± 0.2 55.5 ±2.6 

22 3.0 ±0.2 71.6 ±3.3 

23 3.4 ± 0.2 28.0 ±1.3 

24 2.9 ± 0.2 30.3 ±1.4 

25 3.4 ±0.2 45.0 ±2.1 

26 3.7 ±0.2 22.1 ±1.0 

27 2.7 ±0.2 81.7 ±3.8 

28 4.2 ± 0.2 37.2 ±1.7 

Note. — The Une fluxes are in units of H/3 = 100 



7.3 ± 0.5 

8.7 ± 0.6 
5.3 ± 0.4 

9.2 ± 0.6 

8.8 ±0.6 
8.7 ±0.6 
14.7 ± 1.0 

7.9 ±0.5 

10.3 ± 0.7 

9.5 ± 0.6 

10.7 ± 0.7 

4.6 ±0.3 

6.7 ± 0.4 

12.1 ± 0.8 
9.0 ± 0.6 

8.3 ± 0.6 

8.8 ±0.6 

10.6 ± 0.7 
6.3 ± 0.4 

10.8 ± 0.7 

10.2 ±0.7 
7.6 ± 0.5 
10.5 ± 0.7 

9.3 ± 0.6 

10.7 ± 0.7 

11.4 ±0.7 

6.4 ± 0.4 
7.8 ±0.6 



6.1 ± 0.4 

4.3 ± 0.3 
8.0 ± 0.6 

6.0 ± 0.4 

4.7 ± 0.3 

4.1 ± 0.4 

3.8 ± 0.3 

4.4 ± 0.3 

3.2 ±0.2 

2.2 ± 0.2 

5.6 ±0.4 
2.8 ± 0.2 
2.8 ± 0.2 

4.7 ± 0.3 

3.0 ± 0.2 

3.8 ± 0.3 

2.3 ± 0.2 

5.2 ±0.4 

2.1 ± 0.1 

2.3 ± 0.2 

3.5 ±0.3 
3.7 ± 0.3 
3.0 ± 0.2 

3.6 ±0.2 

5.7 ± 0.4 

3.2 ±0.2 
6.0 ± 0.4 
6.0 ± 0.4 



0.2 


17.0 ± 1.1 


2.7 ± 0.2 


7.6 xlO-'5 


0.23 


0.1 


19.6 ± 1.3 


2.5 ± 0.2 


8.7 X 10-'"^ 


0.12 


0.2 


12.7 ± 0.9 


2.5 ± 0.2 


1.0 X 10-15 


0.03 


0.1 


20.7 ± 1.4 


2.5 ± 0.2 


6.5 X 10-15 


0.40 


0.1 


26.4 ± 1.7 


2.5 ± 0.2 


6.9 X 10-15 


0.15 


0.2 


20.3 ± 1.4 


2.5 ± 0.2 


4.7 X 10-15 


0.25 


0.2 


30.9 ±2.1 


2.7 ± 0.2 


2.7 X 10-15 


0.00 


0.1 


20.6 ± 1.4 


2.6 ± 0.2 


7.6 X 10-15 


0.34 


0.1 


27.2 ± 1.8 


2.6 ± 0.2 


7.2 X 10-15 


0.33 


0.1 


26.5 ± 1.7 


2.6 ± 0.2 


42.0 X 10-15 


0.72 


0.2 


23.8 ± 1.6 


2.5 ± 0.2 


6.6 X 10-15 


0.20 


0.1 


22.0 ± 1.4 


2.6 ± 0.2 


9.1 X 10-15 


0.17 


0.1 


21.2 ± 1.4 


2.6 ± 0.2 


9.0 X 10-15 


0.43 


0.1 


29.6 ± 1.9 


2.6 ± 0.2 


48.5 X 10-15 


0.17 


0.1 


28.1 ± 1.8 


2.6 ± 0.2 


17.1 X 10-15 


0.43 


0.2 


24.3 ± 1.6 


2.6 ± 0.2 


6.9 X 10-15 


0.50 


0.1 


27.3 ± 1.8 


2.6 ± 0.2 


22.5 X 10-15 


0.28 


0.1 


25.9 ± 1.7 


2.6 ± 0.3 


9.0 X 10-15 


0.13 


0.1 


23.1 ± 1.5 


2.6 ± 0.2 


31.2 X 10-15 


0.24 


0.1 


28.6 ± 1.9 


2.5 ± 0.2 


44.1 X 10-15 


0.33 


0.2 


28.8 ± 1.9 


2.6 ± 0.2 


11.1 X 10-15 


0.76 


0.1 


22.3 ± 1.5 


2.5 ± 0.2 


8.3 X 10-15 


0.29 


0.1 


24.0 ± 1.6 


2.5 ± 0.2 


45.0 X 10-15 


0.31 


0.1 


26.5 ± 1.7 


2.6 ± 0.2 


27.5 X 10-15 


0.04 


0.2 


24.6 ± 1.6 


2.6 ± 0.2 


8.4 X 10-15 


0.47 


0.1 


28.2 ± 1.8 


2.5 ± 0.2 


30.5 X 10-15 


0.33 


0.1 


17.3 ± 1.1 


2.6 ± 0.2 


7.7 X 10-15 


0.22 


0.1 


21.2 ± 1.4 


2.7 ± 0.2 


4.0 X 10-15 


0.16 



TABLE 5 
Sources of atomic data 



Ion 



Transition probabilities 



Collision strengths 



[On] 

[Olll] 

[Nil] 

[Ne III] 

[Arm] 

[S II] 
[SIII] 



Froese Fischer & 
Tachiev (2004)" 

Froese Fischer & 
Tachiev (2004)" 

Froese Fischer & 
Tachiev (2004)" 

Froese Fischer & 
Tachiev (2004)" 

Mendoza(1983i 
Kautman & Sugar ( I986l 



[TSPH2007) " 
[Aggarwal & Keenan|(T999) " 

[Hudson & Bell|{2005) " 
[McLaughlin & Bell|j2000| " 
[Galavis"etar](T995) 



Froese Fiscner et al. 



Froese Fischer et al. 



■2005 



Ramsbottom et al. 1996 
[ layal &. Cjupta[jl999| '' 



" Updated from IRAF's value. 



into the upper level (following Liu et al.|2000 1, although the 
effect is found to be at most 6%. 

We have measured the [S ll] AA4069,4076 auroral lines (ab- 
breviated [S ll] A4072 in Table [3]l for all the objects in our 
sample, allowing the derivation of T[S ll] temperatures. In 
many cases, however, the measurement of these lines is made 
uncertain at the moderate resolution of our spectra by the pres- 
ence of the nearby H7 line, which often presents absorption 
wing components from the underlying stellar population. In 
Fig. |3] which shows T[S ll] as a function of T[Oll], we do 



not observe any clear c orrelation. Th e plot agrees on average 
with the predictions by Perez-JVIontero & Diaz ( 2003) , shown 
for Ne=\0 and 100 cnr^TlhaFTTSnKTiOii]. This result 
could arise from the fact that the S^-emitting zone does not 
coincide with the zone, due to the lower ionization poten- 
tial of S" (10.4 eV) relative to that of 0° (13.6 eV). The scatter 
of the points in Fig. [3] is very large, and also in this case we 
do not find that the position in the diagram corresponds to the 
measured value of A^^. , i.e. the points at the bottom do not have 
systematically larger densities. 

In light of the results obtained for the different ion tempera- 
tures, and in particular of the tightness of the relation between 
T[0 III] and T[S ill] and the good match with the model pre- 
dictions, we have adopted a three-zone ionization r epresenta- 
tion of the H II r egions in NGC 300, and, foll owing Kennicutt 
[eraL] ( |2003] ) and'Bre solin etaL] ( |2004l [2005l l, we used the re- 
lations betwee n temperatures in the different zones given by 
[Garnett[ ( fT992] ): 

T[Sni] = 0.83 T[0 III] + 1700 K (2) 

T[Nn] = T[OII] = 0.70T[OIII] + 3000 K. (3) 

These scaling relations allow us to calculate the tempera- 
tures in the intermediate- and low-ionization zones, once the 
high-ionization zone temperature T[0 III] is known. On the 
other hand, in the eight H II regions of our sample for which 
[O 111] A4363 was not detected, it is possible to derive T[0 III] 
from the knowledge of T[S III] through Eq. (|2|. In order 
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TABLE 6 

Measured electron temperatures (K) and densities (cm^^) 



ID 


T[0 III] 


T[SIII] 


T[NII] 


T[0 11] 


T[S II] 


Ne 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(V) 



1 11700 ±500 

2 11900 ±500 

3 11400 ±900 

4 10900 ±500 

5 9200 ± 500 

6 9100 ±500 

7 11500 ±500 

8 9400 ± 500 

9 8600 ± 300 

10 8600 ±300 

11 9500 ± 600 

12 

13 

14 8800 ±300 

15 

16 

17 8100 ±300 

18 

19 8500 ±300 

20 8200 ± 300 

21 

22 

23 8000 ± 400 

24 8400 ± 300 

25 

26 9000 ± 400 

27 11100 ±500 

28 10500 ±400 



11800 ±900 12600 ±1600 

11 100 ±900 
9000 ±600 
10100 ±800 



9900 ± 700 
8200 ± 400 
8300 ± 400 
9300 ± 600 
7700 ± 400 
8800 ± 500 
8700 ± 400 
8100 ± 400 
8200 ± 600 
8800 ± 500 
8800 ± 500 
8300 ± 400 
8200 ± 400 
8000 ± 500 
7900 ± 400 
8300 ± 500 

8400 ± 600 
9000 ± 500 
1 1300 ± 800 
10300 ± 900 



10200 ± 1000 

9300 ± 600 

7800 ± 800 
10500 ± 900 
8700 ± 500 
8700 ± 800 
9600 ± 1000 
9500 ± 600 
8400 ± 600 
9100 ± 600 
9400 ± 600 
8400 ± 600 
8000 ± 500 
8800 ± 500 
9200 ± 500 
9900 ± 1000 
9800 ± 600 
10900 ± 900 
11800 ± 1700 



10700 ± 900 
11300± 1000 
11200 ± 1000 
1 1000 ± 900 
9500 ± 700 
9200 ± 700 
11700 ± 1200 
9000 ± 600 
9700 ± 700 
8100 ±500 
11300 ± 1000 
8000 ± 500 
8200 ± 500 
10200 ± 800 
9500 ± 700 
9100 ± 700 
8000 ± 500 
10700 ± 900 
8100 ±500 
9100 ±600 
9300 ± 700 
8800 ± 600 
9800 ± 700 
9800 ± 700 
10500 ± 900 
10600 ± 800 
9800 ± 700 
10500 ± 800 



11600± 1900 
9600 ± 1000 
9400 ± 1200 
9300 ± 1000 
8900 ± 1200 
11300± 1400 
11700 ± 1600 
7900 ± 700 
8200 ± 700 
9200 ± 1000 
9300 ± 1000 
6900 ± 500 
8400 ± 1300 
7100 ±500 
7500 ± 600 
10200 ± 1100 
7600 ± 600 
6700 ± 500 
9900 ± 1400 
8200 ± 700 
8600 ± 900 
7600 ± 700 
8500 ± 800 
6400 ± 500 
7500 ± 700 
10600 ± 1300 
9400 ± 900 
8300 ± 700 



253 
182 
20 
25 
20 
20 
247 
20 
115 
91 
20 
16 
14 
57 
30 
20 
20 
20 
20 
91 
87 
34 
30 
88 
54 
43 
20 
20 



TABLE 7 

Adopted electron temperatures (K) 



ID 


T(0++, Ne++) 


T(S++, Ar++) 


T(0+, N+, S+) 


(1) 


(2) 


(3) 


(4) 


1 


11700 ±500 


1 1400 ± 500 


11200 ±600 


2 


12000 ± 500 


1 1600 ± 400 


1 1400 ± 500 


3 


1 1400 ± 900 


11100± 800 


11000 ±700 


4 


11000 ±400 


10800 ± 400 


10700 ± 500 


5 


9100 ±400 


9200 ± 400 


9300 ± 500 


6 


9300 ± 400 


9400 ± 400 


9500 ± 500 


7 


11500 ±500 


1 1200 ± 500 


11000 ±500 


8 


9500 ± 400 


9600 ± 400 


9700 ± 500 


9 


8300 ± 300 


8600 ± 300 


8800 ± 400 


10 


8400 ± 300 


8600 ± 300 


8900 ± 400 


11 


9400 ± 500 


9500 ± 400 


9600 ± 500 


12 


7200 ± 500 


7700 ± 400 


8000 ± 600 


13 


8600 ± 700 


8800 ± 500 


9000 ± 600 


14 


8700 ± 300 


8900 ± 300 


9100 ± 400 


15 


7700 ± 600 


8100 ±400 


8400 ± 600 


16 


7900 ± 700 


8200 ± 600 


8500 ± 600 


17 


8200 ± 300 


8600 ± 300 


8700 ± 400 


18 


8600 ± 600 


8800 ± 500 


9000 ± 600 


19 


8400 ± 300 


8600 ± 300 


8900 ± 400 


20 


8100 ±200 


8400 ± 200 


8700 ± 400 


21 


7600 ± 600 


8000 ± 500 


8300 ± 600 


22 


7500 ± 600 


7900 ± 400 


8300 ± 600 


23 


8000 ± 300 


8300 ± 300 


8600 ± 500 


24 


8400 ± 300 


8700 ± 300 


8900 ± 500 


25 


8100 ±700 


8400 ± 600 


8700 ± 700 


26 


9000 ± 300 


9100 ± 300 


9300 ± 500 


27 


11200 ±400 


1 1000 ± 400 


10800 ± 500 


28 


10500 ±400 


10400 ± 400 


10400 ± 500 



to reduce the random errors when both T[0 ill] and T[S III] 
are available, we adopted for the temperature of the high- 
ionization zone (where the emission from and Ne^ orig- 
inates) the weighted average between T[0 III] and the tem- 
perature derived by the inversion of Eq. Q. In a similar way, 



for the intermediate-ionization zone (S"^, Ar "'""'") we calculated 
a weighted average of T[S 111] and the temperature resulting 
from the scaling relation. For the low-ionization zone (O"^, 
N"^, S"*") we took the T[Oll] value that results from the in- 
sertion of the high-ionization zone temperature derived in the 
previous step into Eq. ([3]). The temperatures for the three ion- 
ization zones derived with this method are summarized in Ta- 
ble |7] The errors quoted reflect the la uncertainties in the line 
fluxes used for the computation of the temperatures, and in- 
clude an additional term, added in quadrature, that estimates 
the uncertainty in the scaling relations (±200 K for T[S III] 
vs. T[0 III], ±400 K for T[0 ll] vs. T[0 III]). 

In Fig. |4] we plot the radial trend of T[0 III], where we 
have usedrull symbols for the Hll regions for which we 
determined this temperature directly from [O III] A4363, and 
open symbols for the eight H II regions for which we derived 
T[Olll] from [S III] A6312 and inverting equation (j2]i. There 
is a clear outlier, obje ct #7 in our list (= De 30, further dis- 
cussed in § |6.3| and § 6.4 1, with respect to the temperature 
gradient defined by the remaining H II regions. After exclud- 
ing this object, a weighted linear least-square fit yields: 

T[0 III] = 6920 (±130) + 4470 (±260) R /R25 (4) 

where the temperature is expressed in degrees K. The regres- 
sion is shown with a continuous line in Fig. [4] The gradi- 
ent corresponds to 840 ±50 Kkpc"'. This value can be com- 
pared t o the results ob t ained for other galaxies, such as M33, 
where |Magrini et"aL| (|2007|) measured 570 ± 130 Kkpc"', 
and the Milky Way, for which [Deharveng et a l. (2000) found 
372 ±38 Kkpc"' from hydrogen radio recombinati on lines 
(a flatter sl ope, 287 ± 46 K k pc"', was obtained by 
let al.|2006| ). For MlOl, from Kennicutt et al.|( |20^ 
rived 290 ±25 Kkpc"'. This quick comparison suggests that 
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Fig. 2.— Relations between T[0 III] and T[S III] (top), T[N II] (middle) and 
T[0 II] ( bottom). The data points are compared with the model predictions of 
|Gamett| (1992 G92: red full line), Perez-Montero & Di'az (2005 P05: dashed 
blue line), the high metallicity models of Izotov et al. 1 2006 106: dotted 
curve), and S tasihska,^1990| S90: dashed blue line). The dashed lines in the 
bottom panel show models from [Perez-Montero & DiazH2003) , calculated 
for = 10, 100 and 500 cm^^ 
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Fig. 3. — Relation between T[Oll] and T[S II]. The dashed lines show 
models from lPfaez-Montero & D?azlj2003| , calculated for Ne = lO and 100 
cm . The blue continuous line represents liie one-to-one relation. 



smaller, less luminous spiral galaxies have steeper tempera- 
ture gradients than larger ones. Since the temperature gradi- 
ents are due to variations in abundances, with cooling via line 
emission being more effective at high metallicities, this is a re- 
flection of the fact that more luminous spiral galaxies tend to 
have flatter abundan ce gradients when expressed in dexkpc"' 
UGarnett et al.|1997| ). 




R/R, 



25 



Fig. 4. — The T[OlII] radial gradient, in terms of the isophotal radius 
R25 ■ The linear least-square fit to the data, with the exception of the outlier 
(region #7 = De 30), is shown by the line. In this and several of the following 
plots open disk symbols are used to represent the eight H II regions whose 
[O III] A4363 line is not detected, and for which Tg was derived from 
[S III] A63 12 alone. 



4. CHEMICAL ABUNDANCES 

The ionic abundances were derived with the ionic program 
in IRAF from the electron temperatures adopted in the three 
ionization zones (Table ITl and the reddening-corrected emis- 
sion line fluxes in Tables|3]and|4] The results are presented in 
Table [8] where for each ionic species X we provide the quan- 
tity 12 + log(X/H+). 

In order to derive the total chemical abundances we need to 
adopt an ionization correction scheme, to account for unseen 
ionization stages of the chemical elements. The method we 
followed is summarized below. 

Oxygen, nitrogen and neon. For these elements we have 
adopted the commonly used schemes: 

0/H = 0+/H+ + 0^/H+ 

justified by the absence of He II A4686, which is emitted in 
high-excitation H II regions and plan etary nebulae, where the 
O^"*" c ontribution is non-negligible (Kingsburgh & Barlow 
[T994I 1; 



N/0 = N''/0"' 



Ne/0 = Ne++/0'^ 

which derive from t he similarity of the ionizat ion potentials 
of the ions involved ( |Peimbert & Costero|1969| l. 

Sulphur and argon. We have adopted the metalhcity- 
depend ent ionization correction factors (ICFs) of Izotov et al. 
(2006 1, that are based on photoionization model sequences 
in which the ionizing flux was calculated by means of Star- 
burst 99 ( |Leitherer et al.|1999| l. The models that are relevant 
for our work are those labeled "high Z" [12 + log(0/H) > 8.2] 
and " intermediate Z" [7.6 < 12-i-log(0/H) < 8.2] by Izotov 
et al. p006jl, who parameterize the ICFs in terms of the ob- 
servedTTTD. 

Fig. B] displays, as a function of OVO, the abundance ra- 
tios S/O (top), Ar/O (middle) and Ne/O (bottom) that are ob- 
tained. We use open symbols to represent H II regions with- 
out a [O III] A4363 line detection. For these objects the elec- 
tron temperature of the high-ionization, region was there- 
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TABLE 8 
Ionic abundances: 12 + log(X/H+) 





ID 


0+ 




S+ 


S++ 


N+ 


Ne++ 


Ar++ 




(1) 


(2) 


(3) 


(4) 


(5) 


/"AN 

(o) 


(7) 


(o) 


1 

1 . . 




T TO _1_ f\C\ 


/.oj ± U.Uo 


c /CO _i_ n nc 
J.02 ± U.Uj 


O.jl ± U.Uj 


A on j_ n AC 
0.2y ± U.Uj 


o in _1_ A AO 

/.lU ± U.U/ 


c on _1- A f\A 

J. /U ± U.U4 


z . . 




T <0 _1_ f\Q 

/.Do ± U.Uo 


O.U2 ± U.Uj 


< ACt J_ A f\A 

J Ay ± U.U4 


O.jO ± U.Uj 


A A"! J_ A AC 

O.Uj ± U.Uj 


O OO _1_ A AA 

1 .11 ± U.Uo 


C OC J_ A fVl 

J. / j ± U.Uj 


o 

J . . 






1 _L n 1 1 
/.4o di U. 1 1 


c no _L n m 
j.y© ± U.U/ 


A o 1 _L n nA 
0.21 di U.Uo 


A cc j_ n m 
D.J J dz {).{) 1 


A /in _L n 1 o 
o.4y zt U.12 


c cn J_ A AA 
j.jy di U.Uo 


A 

4 . . 




T o 1 _L n nn 

/.VI di U.uy 


1 Q A _L n n/^ 
/.o4 di U.Uo 


c 1 _L n nc 
O.ol ± U.Uj 


AAA _L n ni 
0.44 ± U.UJ 


A CO _L (\ ric 

o.j2 zt O.Oj 


/.Uo zt 0.0/ 


C OC _L n A/l 

j.oj di U.U4 


5 . . 




5.18 ± 0.1 1 


O.Uo ± U.Uo 


6.16 ± 0.06 


o.oy ± 0.04 


o.o4 ± 0.0/ 


T n /I 1 CI ciri 

/.24 ± O.oy 


A f\(\ 1 r\ 

O.UO ± U.Uj 


O . . 




o. 1 1 ±: U. lU 


o no _L n m 
o.Uo di U.U / 


A nn _L n 
O.UU ± U.Uo 


A ZA _L n c^/i 
O.JO zt U.04 


A "70 _L n CIA 

O. /o zt O.Ou 


oil _L CI cm 

/.jj zt O.oy 


c no J_ n A/1 
J.y / ± U.U4 


7 . . 




"7 c /I _L n no 
/.j4 di U.Uo 


oil _L n nA 
o.iJ ± U.Uo 


^ oi _L n n^ 
j.oj zt U.Uj 


A ^0 _L n CAI 

O.JO zt U.Oj 


A 1A _L n nc 
O.JO zt O.Oj 


o An _L CI en 
/.oy zt 0.0/ 


A no J_ A r\A 
O.U2 di U.U4 


Q 




?S. IZ it U.IU 


T on -U {\ m 
/.oU zt U.U / 


A {\A -L- n nA 
O.U4 zt U.UO 


A _i_ n n/1 
0.j4 zt U.04 


A cc _L n nA 
O.OJ zt O.Oo 


A oo _L n no 

D.yy zt O.oy 


c on J- A C\A 
J.yO dz U.U4 


n 

y . . 




nA _L n 1 1 
o.Uo di U.l 1 


0.2J zb U.Uo 


A ni _L n nA 
O.Uj ± U.Uo 


A TT _L n ni 
O. / / ± U.Oj 


A n/1 _L n m 
0.94 ± 0.0/ 


O /I "7 _L n CIO 

/.4/ di 0.0/ 


A 1 C _L n A/l 

O.Ij zt U.U4 


1 A 




o nA _L nil 
o.Uo di U. 1 1 


0.21 zb U.Uj 


^ T 1 _L n nA 
J. / 1 zt U.Uo 


A TC J_ n ni 
O. /j zt U.Oj 


A "jn _L n nA 
O. /U ± O.Oo 


o /I n j_ n no 
/.4y di 0.0/ 


A 1 n _L n m 
O.IO ± O.Uj 


1 1 . 




o m _L nil 
o.U/ ± U.ll 


1 no _L n no 

/.yo ± U.Uo 


A ni _L n nA 
O.Oj ± U.Uo 


A AO J_ n n/i 
0.02 ± U.U4 


A on J_ n m 
O.oU ± U.U/ 


o 1 o j_ n 1 n 
/.I / ± U.IU 


A nc J_ A nc 
O.Uj ± U.Uj 


1 o 




O A A _j_ n 1 <c 
0.44 ± U.lo 


/.d2 ± U.lo 


<c /IT _L A nn 

D.4/ ± U.uy 


A OA _1_ A AA 

o.oU ± U.Uo 


o on j_ n 1 A 
/.2y ± U.IU 


A An _1_ A AA 

U.UU ± U.UU 


C ni _1_ A AO 

J.yj ± U.U/ 






o.l / ± U.14 


1 on 1 A 1 o 

/.oy ± U.13 


<S nc _L. A AQ 

O.Uj ± U.Uo 


A Ayl J_ n AA 

o.o4 ± U.Uo 


T A1 -LA AO 

/.ui ± U.uy 


A no J_ A 1 A 

o.y2 ± u.lo 


C A'S _L A AO 

j.yj ± U.U/ 


14 . 




o.lo ± U.IU 


o nc _1_ A AC 

o.Uj ± U.Uj 


£ no _1_ A A<C 

o.uy ± U.Uo 


A TO J_ n A'^ 

0. / / ± U.U J 


T Al J_ A A A 

/.Ul ± U.Uo 


O oo _1_ A AA 

1 .11 ± U.Uo 


A 1 O J_ A Al 

o. 1 / ± U.Uj 


15. 




. 8.19 lb 0.15 


7.97 ± 0.14 


6.24 ± 0.08 


6.84 ± 0.06 


7.26 ± 0.09 


6.98 ±0.17 


6.15 ±0.07 


16. 




. 8.31 ±0.17 


7.94 ±0.17 


6.26 ± 0.09 


6.76 ± 0.07 


7.21 ± 0.10 


7.05 ± 0.20 


6.10 ±0.08 


17. 




. 8.17 ±0.11 


8.18 ±0.06 


5.94 ±0.06 


6.78 ± 0.03 


6.89 ± 0.07 


7.25 ± 0.07 


6.08 ± 0.04 


18. 




. 8.19 ± 0.14 


7.89 ±0.13 


6.23 ± 0.08 


6.73 ± 0.06 


7.08 ± 0.09 


7.01 ± 0.15 


6.13 ± 0.06 


19. 




. 8.09 ±0.11 


8.08 ± 0.06 


5.98 ± 0.06 


6.70 ± 0.03 


6.80 ± 0.06 


7.22 ± 0.07 


5.93 ± 0.04 


20. 




. 8.03 ±0.11 


8.27 ± 0.05 


5.83 ± 0.06 


6.82 ±0.03 


6.83 ± 0.07 


7.46 ± 0.07 


6.19 ±0.03 


21. 




. 8.28 ±0.17 


8.04 ± 0.17 


6.32 ± 0.09 


6.86 ±0.07 


7.37 ± 0.10 


7.12 ± 0.19 


6.22 ± 0.08 


22. 




. 8.39 ±0.16 


7.94 ± 0.15 


6.44 ± 0.09 


6.77 ± 0.06 


7.31 ±0.09 


7.15 ± 0.17 


6.11 ± 0.07 


23. 




. 8.12 ±0.12 


8.24 ± 0.07 


5.98 ± 0.07 


6.75 ± 0.03 


6.91 ± 0.07 


7.48 ± 0.09 


6.19 ±0.04 


24. 




. 8.11 ±0.11 


8.11 ±0.06 


5.99 ± 0.06 


6.75 ± 0.04 


6.94 ± 0.07 


7.10 ±0.08 


6.09 ± 0.04 


25. 




. 8.31 ±0.17 


8.04 ±0.17 


6.18 ± 0.09 


6.74 ± 0.07 


7.10 ±0.10 


7.08 ± 0.20 


6.18 ±0.08 


26. 




. 7.92 ±0.10 


8.16 ±0.06 


5.79 ± 0.06 


6.73 ± 0.03 


6.68 ± 0.06 


7.30 ± 0.07 


6.12 ±0.04 


27. 




. 7.98 ± 0.08 


7.66 ± 0.05 


6.19 ± 0.05 


6.35 ± 0.03 


6.70 ± 0.05 


6.85 ± 0.06 


5.67 ± 0.03 


28. 




. 8.00 ± 0.09 


7.88 ± 0.06 


5.89 ± 0.05 


6.49 ± 0.03 


6.57 ± 0.05 


7.06 ± 0.07 


5.82 ± 0.04 



TABLE 9 
Total abundances 





ID 


R/R25 


12 + log(0/H) 


log(N/0) 


log(S/0) 


log(Ar/0) 


log(Ne/0) 


He/H 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


1.. 




1.03 


8.12 ±0.05 


-1.49 ± 0.10 


-1.70 ±0.06 


-2.39 ± 0.08 


-0.76 ±0.10 


0.080 ± 0.007 


2 




1.01 


8.15 ± 0.04 


-1.55 ± 0.09 


-1.69 ± 0.05 


-2.36 ± 0.07 


-0.75 ± 0.08 


0.092 ±0.011 


3 




0.93 


8.09 ± 0.09 


-1.43 ± 0.14 


-1.66 ± 0.10 


-2.46 ± 0.13 


-0.98 ±0.17 


0.083 ± 0.011 


4 




0.97 


8.18 ± 0.05 


-1.39 ± 0.10 


-1.62 ± 0.06 


-2.30 ± 0.07 


-0.78 ± 0.09 


0.102 ±0.013 


5 




0.55 


8.43 ± 0.07 


-1.34 ±0.13 


-1.63 ± 0.08 


-2.38 ±0.10 


-0.84 ± 0.12 


0.086 ±0.011 


6 




0.56 


8.40 ± 0.06 


-1.33 ± 0.12 


-1.74 ±0.07 


-2.38 ± 0.09 


-0.75 ±0.11 


0.092 ± 0.012 


7 




0.55 


8.40 it 0.05 


-1.18 ±0.10 


-1.50 ±0.06 


-2.32 ± 0.08 


-0.64 ± 0.09 


0.083 ± 0.009 


8 




0.50 


8.29 ± 0.07 


-1.27 ±0.12 


-1.65 ±0.08 


-2.32 ± 0.09 


-0.81 ±0.11 


0.085 ±0.011 


9 




0.40 


8.46 ± 0.06 


-1.12 ±0.13 


-1.58 ±0.06 


-2.28 ± 0.08 


-0.76 ±0.10 


0.092 ±0.011 


10 




0.36 


8.45 ± 0.05 


-1.36 ±0.12 


-1.63 ±0.06 


-2.31 ± 0.07 


-0.72 ± 0.09 


0.079 ± 0.010 


11 




0.41 


8.33 ± 0.07 


-1.27 ±0.13 


-1.61 ±0.08 


-2.22 ± 0.10 


-0.81 ±0.13 


0.089 ±0.011 


12 




0.27 


8.50 ± 0.14 


-1.15 ±0.19 


-1.56 ±0.15 


-2.47 ± 0.17 




0.060 ± 0.007 


13 




0.33 


8.35 ±0.11 


-1.15 ±0.17 


-1.63 ±0.12 


-2.36 ±0.15 


-0.97 ± 0.21 


0.083 ± 0.010 


14 




0.38 


8.41 ± 0.06 


-1.15 ±0.12 


-1.56 ±0.07 


-2.18 ±0.07 


-0.83 ± 0.08 


0.091 ±0.011 


15 




0.20 


8.39 ±0.11 


-0.93 ±0.18 


-1.47 ± 0.12 


-2.18 ±0.16 


-0.99 ± 0.23 


0.088 ± 0.011 


16 




0.21 


8.47 ± 0.13 


-1.10 ±0.20 


-1.61 ± 0.14 


-2.30 ± 0.19 


-0.89 ± 0.28 


0.079 ± 0.010 


17 




0.31 


8.47 ± 0.06 


-1.28 ± 0.13 


-1.63 ± 0.07 


-2.35 ± 0.07 


-0.92 ± 0.09 


0.091 ± 0.011 


18. 




0.41 


8.37 ± 0.10 


-1.11 ± 0.17 


-1.54 ±0.11 


-2.17 ±0.15 


-0.88 ± 0.21 


0.090 ±0.011 


19 




0.34 


8.39 ± 0.06 


-1.30 ±0.13 


-1.61 ± 0.07 


-2.41 ± 0.08 


-0.85 ± 0.09 


0.103 ± 0.013 


20 




0.18 


8.47 ± 0.05 


-1.20 ±0.13 


-1.57 ± 0.06 


-2.25 ± 0.07 


-0.82 ± 0.09 


0.091 ± O.OU 


21 




0.08 


8.48 ± 0.12 


-0.92 ± 0.19 


-1.52 ± 0.13 


-2.19 ±0.19 


-0.92 ± 0.26 


0.075 ± 0.010 


22 




0.17 


8.53 ±0.12 


-1.09 ± 0.18 


-1.62 ±0.13 


-2.34 ± 0.17 


-0.80 ± 0.23 


0.077 ± 0.009 


23 




0.28 


8.48 ± 0.06 


-1.21 ±0.14 


-1.65 ±0.07 


-2.26 ± 0.09 


-0.75 ±0.11 


0.085 ± 0.010 


24 




0.33 


8.41 ± 0.06 


-1.17 ±0.13 


-1.59 ±0.07 


-2.28 ± 0.08 


-1.01 ±0.10 


0.082 ± 0.010 


25 




0.32 


8.50 ± 0.13 


-1.22 ±0.20 


-1.67 ±0.14 


-2.25 ± 0.19 


-0.96 ± 0.28 


0.081 ± 0.010 


26 




0.40 


8.36 ± 0.05 


-1.25 ±0.12 


-1.54 ±0.06 


-2.21 ± 0.07 


-0.85 ± 0.09 


0.092 ±0.011 


27 




0.86 


8.15 ± 0.06 


-1.29 ±0.10 


-1.55 ±0.06 


-2.44 ± 0.07 


-0.82 ± 0.08 


0.084 ± 0.010 


28 




0.91 


8.25 ± 0.06 


-1.43 ±0.10 


-1.67 ±0.06 


-2.38 ± 0.07 


-0.83 ± 0.09 


0.102 ± 0.012 
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[LoddersJ ( [2003] l and [Asplund et aL] ([2005]). We note here 
it if we had adopted the ionization correction scheme for 
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Fig. 5. — The S/O (top), Ar/O (middle) and Ne/O (bottom) abundance ratios 
as a function of The dashed lines represent the solar abundance ratios 

from[n)dders (2003 L03) and Asplund et al. (2005, AOS). The weighted 
means calculated from our data points are shown by the continuous horizontal 
lines, while dotted lines are drawn at one standard deviation above and below 
the mean. Open disk symbols are used for H II regions whose [O III] A4363 
line is missing, and for which Te was derived from [S III] A6312 alone. 



fore determined from [S III] A6312 only, rather than a combi- 
nation of this line with [Olll]A4363. In general, the abun- 
dance ratios derived for these H II regions have larger error 
bars, but they agree in our plots with the abundance ratios 
obtained from the use of [Olll]A4363. The S/O and Ar/O 
abundance ratios do not show any appreciable trend with the 
nebular excitation (a linear regression is consistent with zero 
slope), as expected. Ne/O displays a weak dependence on ex- 
citation, which could reflect the inadequacy of the ionization 
correction factor that we used. Adopting alternative schemes 
■ et al.|2 
lepende 



(e.g. lIzotovH 



■[2006|JP6rez-Mon tero et al. 2007 ) results in 
an steeper dependence than seen in Fig. [5] We point out, how- 



ever, that some of the Ne/O data points have considerable er 
ror bars, and that by removing the single, high-excitation ob- 
ject #7 the significance of the excitation dependence of Ne/O 
is reduced considerably. The observational uncertainties and 
the poor knowledge of the ionization correction for Ne at low 
excitation prevent us to draw firm conclusions on the behavior 
of Ne in the H II regions of NGC 300. 

The dashed horizontal lines in Fig. |5l represent the solar 
abundance ratios published by Lodders (2003, L03). For 
argon we al s o d isplay the solar Ar/O ratio taken from |As-| 
Iplund et al.| ( |2005 , AOS), to show that considerable uncer- 
tainty is still present in some of the solar abundance ratios. 
The weighted mean abundances of S and Ne relative to O that 
we find in NGC 300 (cont inuous fines) a re in good agreement 
with the solar values by Lodders' (2003). On the other hand, 
our mean Ar/O ratio is intermediate between the solar values 



of_ 
that 

argon used in earlier works by our group (e.g. |Bresolin et aL 
|2004| l, we would have obtained a mean Ar/O value nearly co- 
incident with the Lodders' (2003 ) value. The weighted means 
and standard deviations that we obtain in our NGC 300 sam- 
ple are the following: 

log(S/0) = -1.61 ±0.06 (0 : -1.50 ±0.06) 
log(Ar/0) = -2.32 ±0.08 (0 : -2. 14 ±0.09) 
log(Ne/0) = -0.82 ± 0.07 (0 : -0.82 ±0.11) 
where the solar values in brackets are taken from Lodders] 



(2003 1. Table l9] summarizes the oxygen abundances, together 
with the N/O, S/O, Ar/O and Ne/O abundance ratios. 

As a consistency check, we have calculated the O/H abun- 
dances by using the [O ll] A7325 line, instead of [O ll] A3727, 
to measure the ionic abundance O^/H^. This provides a fur- 
ther test of our flux calibration and line flux measurements. 
We obtained a mean difference log(0/H)7325 - log(0/H)3727 = 
0.009 ± 0.009, indicating that no systematic difference ex- 
ists between the two measurement s. This supports the result 
obtained by Kniazev et al. ( 2004| l from the spectra of more 
than 200 Hll galaxies from the Sloan Digital Sky Survey 
[log(0/H)7325 - log(0/H)3727 = -0.002 ± 0.002], and the con- 
clusion that [O II] A7325 can be used to measure 0"'"/H"'" ionic 
abundances, albeit with larger uncert ainties , in those cases 
where [O ll] A3727 is unavailable (e.g. pzotov et al.|2006[ l. 

4.1. Trends with O/H 

The relationships between the abundances of N, Ar, S and 
Ne relative to oxygen (logX/O) and the oxygen abundance 
12-i-log(0/H) are displa yed in Fig. [6) T he MlOl compari- 
son sample from Kennicutt et al. ( |2003| l is shown with the 
square symbols, llie well-known increase of N/O with O/H, 
attribute d to a secondary component in t he nucleosynthesis of 
nitrogen ( Vila Costas & Edmunds[1993 1, is apparent in Fig. |6] 
The independence of the Ne/O ratio on O/H is also clear from 
the bottom panel of this figure. Less clear is the situation for 
Ar/O and S/O. In both cases, the significance of the correla- 
tion with O/H is fairly low. However, if we look at the depen- 
dence of the abundance ratios with galactocentric distance, as 
done in Fig.JT] the correlation appears more clearly defined. 
The dotted lines represent the weighted linear regressions to 
the data points. For Ne/O the data are clearly compatible with 
a constant Ne/O across the disk of the galaxy. The galacto- 
centric dependence of N/O is consistent with the result that 
this abundance ratio is a function of O/H, as seen in Fig 
The Spearman rank correlation coefficient for both S/O an 
Ar/O as a function of radius is 0.41, and the slopes are signifi- 
cant at approximately the 3 cr level. These tren ds are opposite 
in sign to the one det ected for S/O in JV I33 by |Vflchez et al.| 
(1988) and in M51 by'Df az et aT] ( |1991[ ). More recent sfiidies 
on the chemical composition of these two galaxies, however 



have failed to repro duce these results ( [Bresolin et al.||2()04 
Magrini et al.|2007|l 



Despite the statistical significance of the result, we are re- 
luctant to draw conclusions on the real trend of S/O and Ar/O 
with oxygen abundance, with the consequent implication for 
the nucleosynthetic origin of S and Ar (these elements are 
thought to be produced by the same massive stars that pro- 
duce oxygen). First of all, we stress that the ionization cor- 
rection factors for sulphur and argon are still poorly known. 
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Fig. 6. — Trends of N/O, Ar/O, S/O and Ne/O with oxygen abundance. 
In each p lot we also include as a comparison sample the MlOl data from 
|Keimicut t et al. 1 2003 squares). The horizontal dashed lines are the solar 
values shown in Hg.|5] Open disk symbols are used for Hll regions whose 
[O in] A4363 line is missing. 



and depend strongly on the ionizing properties of the stellar 
models used to derive them. Despite great progress in stel- 
lar atmosphere codes of massive stars in recent years, im- 
portant differences in the calculated spectral energy distribu- 
tions and ionizing output between models still exist ( Simon^ 
|Diaz & Stasinska|[200 8 ). An increase of 15% in the ICFs at 
low metalUcity [12 -i- log(0/H) < 8.2] would remove the radial 
trends seen for S and Ar in Fig.|7] However, we stress that the 
result does not depend on the particula r choice of ICFs we 
made. Adopting the ICF(S) su ggested by |Stasinska ( |1978| l, as 
generalized by Barker' ('1980'), and adopted in several recent 
papers (e.g. Bresolin et al. 2004; Perez-Montero et al. 2006]l, 
or the lCF(Ar) from Perez-Montero et al. (2007 ), would lead 
to a si milar galactocentri c dependence of these two elements. 

Ke nnicutt et al.| ( |2003| l pointed out that th e ionization cor- 
rection scheme they adopted, based on the Stasihska| ( 1978 1 
formulation, is likely to underestimate the ICF for sulphur at 
high excitation levels (and their correction for argon is based 
on the assumption that Ar/S = Ar^^/S''^). However, we do not 



detect a significant radial gradient in excitation, as measured 
by O^/O. We do measure a small gradient in the ionizing stel- 
lar temperatures, by mea ns of t he radiation softness parame- 
ter 7] = (0+/0-^)/(S+/S-^) (fVflchez & Pagel 1988 ), in the sense 
that hotter temperatures are found at larger radii (see § |6.4[ ), 
but the quantification of the effect is highly model-dependent. 
It is unclear whether this could affect the magnitude of the 
ionization correction, but we could speculate that harder ion- 
izing spectra, as found at large galactocentric distances, could 
lead to increased proportions of S^"*" and Ar^^, and therefore 
larger ICFs. 

In alternative, observational uncertainties could be respon- 
sible for the observed trends, although we were not able to 
isolate a mechanism that would systematically decrease S/O 
and Ar/O with increasing galactocentric distance. One possi- 
bility is that the emission line fluxes in the red spectral region 
are depressed relative to those in the blue. However, as just 
mentioned, we cannot identify a reason why this effect should 
depend on galactocentric distance. Moreover, the fluxes of 
lines in the red are tied to Balmer or Paschen lines, whose 
intensity follows precise theoretical (case B) values. 

We close this section by pointing out that, interestingly, 
a decreasing trend of S/O with radius has been reported in 
NGC 300 by [Christensen et al.j ( |1997| ), although the statisti- 
cal significance of their result is likely to be quite small, as 
it rests mostly on a single H II region at small galactocentric 
distance. An S/O ratio that is significantly lower than the av- 
erage found in the rest of the disk is also observed for a n H II 
region in MlOl located near the isophotal radius (Ga rnett &| 
|Kennicutt|1994| l. Unfortunately, sulphur and argon lines were 
not detected in the outermost {R/R25 = 1 .25) H II region so fa r 
spectroscopically observed in MlOl ( Kennicutt et al.|[2003 1 



therefore we cannot confirm that a decrease in S/O exists m 
this galaxy. 

4.2. Helium 

In order to estimate the He/H abundances in the NGC 300 
H II regions we relied on the measured intensities of the two 
neutral helium lines, HelA5876 and HelA6678. No He''"'" 
contribution to the total helium abundance is expected, be- 
cause high-excitation lines, in particular He II A4686, are not 
observed in our sample. We accounted for the absorption 
line component of the lines arising from the underlying stel- 
lar po pulation, following the procedure outlined by Kennicult] 
|et al.| ( 2003 ), and which is based on the use of the measured 
equivalent widths of the emission lines. The effect for the 
NGC 300 sample is <5% (except for #22, for which it is 
10%). The He''"/H"'" ionic ratios were derived from the line 



strengths adopting th e line emi ssivities of [Porter et al. ( 2007[ l 
for He I and Storey & Hummer| ( ,199 5 ) for H I, both calculated 
at the O^^ temperature derived from the auroral line analysis. 

The correction for the presence of neutral helium, which 
can be significant at low excitation, was carried out using a 



method based on th e radiation softness parameter r] (IVflchez 
|198 9[ llzotov et al.|1994). We derived an approximate ana- 
lytical relation between ?/ and lCF(He) from the models of 
[Stasiiiska et al., ( ,2001 ), obtaining 



ICF(He) = 1 .585 + log 7? ( 1 .642 log 77 - 1 .948) 



(5) 



valid in the 0.6 < log?] < 2.0 interval. For log?] < 0.6 (harder 
spectra, or hotter ionizing stars), we took lCF(He) = 1 . Mul- 
tiplying the He''"/H^ ionic ratios by lCF(He) we then obtained 
the total hehum abundances given in Col. 8 of Table|9]and dis- 
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Fig. 7. — Observed trend.s of the abundance ratios N/O, Ar/O, S/O and 
Ne/O with galactocentric distance, in units of the isophotal radius R25 ■ The 
horizontal dashed lines represent the solar values, as in Fig.p^ The dotted 
lines show the weighted linear regressions to the observations. As in previous 
figures, open symbols are used for H II regions whose [O III] A4363 line is 
missing. 

played in Fig.lH] The weighted mean He/H = 0.090 ± 0.007 is 
consistent withthe observations in our comp arison sample in 
MlOl (square symbols). In this galaxy, Kenn icutt et al.|p003| l 
observed an increase of the He/H ratio at the high abundance 
end, at small galactic radii. We do not see the same effect in 
NGC 300. Fig.|9]shows that the He/H ratio does not correlate 
with galactocentric distance. The different behavior between 
the two galaxies could be related to the smaller central metal- 
licity in NGC 300 and the modest radial chemical composi- 
tion gradient in its disk. 

5 . THE METALLICITY GRADIENT IN NGC 300 



Since the works of |Searle| (fTWT) and [Shields] ( [T974 I the 
radial trends of H II region chemical abundances in external 
spiral galaxies have been the subject of many investigations. 
Among these we mention the comparative studies, based on 
str ong-line methods, of relat i vely la r ge samples of galaxies 
by JVila-Costas & Edmunds] ( |T^2| , [Zaritsky et aL] dT994 i 
ana |Pilyugin et al.| ( |2004| i, the auroralline-based studies of 
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Fig. 8. — The He/H abundance ratio as a function of excitation 0+/0. The 
horizontal dashed line represents the solar value from Lodders 1 2003 1. The 
weighted mean is shown by the continuous horizontal line, with dotted lines 
draw n at one st andard deviation above and below the mean. The MlOl sam- 
ple of |Kennicutt et al.|^2003^ is shown with open square symbols. 
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Fig. 9. — The He/H abundance ratio as a function of galactocentric dis- 
tance. The weighted mean is shown by the continuous horizontal line, with 
dotted lines drawn at one standard deviation above and below the mean. 



individual g alaxies by Garnett et al. ( 1997i and Kennicutt 
leTaD ("2003^, and the reviews by 'Heniy & Worthey' p99^ 



and Garnett (2004). The Hll region abundance gradient m 
NGC 300 has bee n measured by several authors, includin 
Pagel et al.l([TW9) , pebs^ & Smith ( 1983 j and. 
et al.| ( |19'^ I, and has been also re-derived 



and .Deharven; 

erived from the data 



published by those authors b y|Vila-Costas & Edmunds ( 1992[ l 
and Zaritsky et al. (1994). However, none of these gradient 



itsky 

determinations are based on the detection of [O III] A4363, 
and were obtained from the R23 indicator Following our 
determination of the direct abundances of 28 H II regions in 
§ 4, we present here the metallicity gradient in NGC 300 as 
obtained from the auroral line method, and compare it with 
the result from the young stellar content. 

Hll regions - For the H II regions we assume, as is customary, 
that the overall metallicity is well traced by the oxygen abun- 
dance. This is justified by the fact that in H II regions about 
half of the atoms in the gas phase heavier than hydrogen and 
helium are oxygen a toms (e.g. in the case of the Orion nebula, 
'Esteban et al. 2004). Carbon can be as abundant as oxygen 
at high metallicity (G arcfa-Rojas et al. _2006 ), but it is much 
more difficult to measure in the optical, as it emits only feeble 
recombination lines. 

An important quantity that affects our comparison with the 
stellar metallicities is represented by the amount of oxygen 
that is depleted onto dust grains in ionized nebulae. The gas- 
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phase composition of the most common ions of the diffuse 
ISM in the solar neighborhood is derived from weak UV ab- 
sorption features measured along sight lines to various stars. 
For the case of oxygen, observations of O I A 1356 with the 
Hubble Space Telescope (Me yer et al.|1998[ [Cart ledge et al.' 
[2004) and other faint O I tran sitions with the Far Ultraviolet 
Spectroscopic Explorer (Oliv eira et al.|2 005 ) provide a value 
for the gas-phase oxygen abundance near the Sun (d < I kpc) 
of 12 H- log(0/H) = 8.54 ± 0.02. From the Galactic H II region 
radial abundance gra dient, me asured at the solar galactocen- 
tric distance, Pilyu gin et al.| ( j200 6 ) find a good agreement 
with the interstellar absorption Une results. For the specific 
case of t he Orion nebula, which, at a distance of 389 pc from 
the Sun ( Sandstrom et al. 2007 1, can be taken as repre sen- 
tative of th e gas-phase composition in the solar vicinity, 'Es-' 
Iteban et al . (2004) obtained 12H-log(O/H) = 8.51±0.03 using 
the nebular collisionally excited lines, in good agreement with 
the results above. However, from O II recombination lines the 
same authors obtained an oxygen abundance higher by 0. 14 
dex, 12H-log(O/H) = 8.65±0.03, a manifestation of the abun- 
dance discrepancy obser ved in a number of Gala ctic and ex- 
tragalactic H II regions ( Garcfa-Rojas et al.|2007[ ). 

Quantifying the amount of oxygen that is locked up into 
dust grains is made difficult by the uncertainties in the total 
(gas-phase + dust) amount that is assumed, and usually taken 
from the co mposition of the Sun, B stars or young cool stars 
( Sofia|2004j i. The study of the Orion nebula and its surround- 
ings provides one way of estimating the amount of O deple- 
tion, from the comparison of the ionized gas with young B 
stars. The mean O abundance from the in vestigation of three 
B0.5 V stars in the Trapezium cluster by |Sim6n-Dfaz et al." 
([20061) is 12 H-log(0/H) = 8.63 ±0.03. Taking the composi- 



tion of the diffuse clouds in the solar neighborhood and the 
collisionally excited line result for the Orion nebula from Es-] 
[teban et ar] ( i200 4 ) would su ggest a d epletion factor of approx- 
imately"^. l3ex. Recently Przybilla et al. (2008 ) measured 
the chemical composition of six early-B stars (luminosity 
classes Ill-v) in the solar neighbourhood (d < 500 pc), obtain- 
ing 12 H-log(0/H) = 8.76 ±0.03, which, compared with the 
diffuse ISM abundance, would imply an oxygen dust deple- 
tion of approximately -0.2 dex. Mesa-Delg ado et al.| (|2009| 
also estimated a -0.2 dex depletion factor in the Orion nebula 
for the case in which temperature fluctuation in the ionized 
gas are negleted. 

For our comparison in NGC 300, we will adopt -0. 1 dex as 
the minimum depletion value that is required to match stellar 
and gaseous oxygen abundances in the solar vicinity, with the 
understanding that it could be as high as -0.2 dex, and assum- 
ing that the result, obtained for our immediate surroundings in 
the Milky Way can be generalized to external galaxies. Fur- 
thermore, the caveat remains that the study of recombination 
lines in H II regions yield larger abundances (about 0.2 dex) 
than collisionally excited lines. 

Blue supergiants - A catalog of nearly 70 early-type su- 



pergiant stars in NGC 300 was compiled by Bresolin et al. 
([2002a), based on VLT multi-object spectroscopy, with the 
goal of providing high-quality stellar spectra for chemical 
abundance follow-up studies. As a proof of concept, these 
authors analyzed the metallicities of o ne B9-A0 la star and 
one AO la star. Later, Urbaneja et al. (200513) derived abun- 
dances of several elements (C, JSI, O, Mg, Si) in six early- 
B (B0.5-B3) supergiants, spatially distributed along a wide 
range of galactocentric distances, allowing them to carry out 



a first comparison with the oxygen abundance gradient de- 
rived from H II regions. The oxygen gradient derived from 
the six stars was -0.060 ± 0.049 dexkpc"' (scaled to our 
adopted distance to the galaxy), with a central abundance of 
12H-log(0/H) = 8.58 ±0.13. However, due to the lack of di- 
rect measurements of electron temperatures for the NGC 300 
H II regions, the nebular abundances were estimated from the 
application of several calibrations of the R23 strong-line abun- 
dance indicator to the emission line fluxes compiled by DehaF] 
veng et al.'(1988). Significantly different nebular abundance 
gradients were obtained by varying the adopted R23 calibra- 
tion, both in terms of slope and zero-point, making it diffi- 
cult to reach meaningful conclusions regarding the compari- 
son between the stellar and nebular galactocentric abundance 

trends. 

More recently, jKudritzki et al.|([2008]) analyzed a sample of 
24 A-type supergiants (spectral types from B8 to A4) drawn 
from the Bresolin et al. (2002a ) catalog, deriving stellar pa- 
rameters and metallicities using a grid of line-blanketed stel- 
lar models and NLTE line formation calculations. While in 
this case the authors did not derive abundances of individual 
elements, because at the low resolution of the VLT spectra the 
features in A supergiant spectra are mostly blends of iron, tita- 
nium, chromium and other lines, the fitting of features across 
the whole wavelength range covered was found to be quite 
sensitive to the choice of the model metallicities (the typical 
estimated uncertainty was 0.2 dex). In the construction of the 
models the solar abundance pattern of the v arious chemical 
elements was assumed, from |Grevesse & Sau val (1998 ). The 
metallicities of the A supergiants obtained by |Kudritzki et al.| 

fl08 ) refer therefore to the abundances of a variety of heavy 
ments (Mg, Si, S, Ti, Cr, Fe) combined, whose individual 
abundance ratios reflect the solar abundance pattern. While 
this restriction can be relaxed in future modeling, allowing, 
for example, the investigation of variations of the a/Fe ele- 
ment ratio in galaxies, the metallicity values obtained in the 
case of the NGC 300 A supergiants should be regarded as 
representative of the overall metal content in the stellar atmo- 
spheres of these young stars. 

In comparing the metallicities from the supergiants stars 
with the oxygen abundances from the H II regions we make 
the assumption that for the A stars oxygen scales with metal- 
licity, and that the so lar metallicity value corresponds to 
12 H- log(O/H)0 = 8.66 ( [Asplund et aL][2005]l . Fig. [10[ shows 
the radial metallicity gradient determined from theHll re- 
gions (circles) and blue supergiants (star symbols: B super- 
giants; open squares: A supergiants; galactocentric distances 
for the stars have been recomputed adopting the galaxy pa- 
rameters in Table [T). For clarity the error bars for the stel- 
lar data are omittea, but typical uncertainties are on the or- 
der of 0.2 dex. As a reference, we include in the plot the 
mean level of the nebular oxygen abundances measured in 
flie Magellanic Clouds by IRusseU &. Dopita ( 1990) , as weU 
as the solar value from Asplund et al. (2005|. In the figure 



we ha ve omitted the outlier A supergiant AlO from Kudritzki 
et al. (2008). As in previous figures, we use open circles for 



H II regions that have no [O III] A4363 detection, and there- 
fore the electron temperature in their O'^-emitting region was 
derived from [S III] A6312. The corresponding oxygen abun- 
dances have larger errors than those for the H II regions for 
which we have used both [Olll]A4363 and [Slll]A6312 to 
obtain T^. 

A weighted linear regression to the H II region data, with 
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Fig. 10. — The radial metallicity gradient obtained from H II regions (circles) and blue supergiants (star symbols: B supergiants; open squares: A supergiants). 
The weighted regression line to the H II region data is shown by the continuous (green) line. The dotted lines show the 95% confidence level interval for the 
regression line. The dashed line represents the weighted regression to the BA supergiant star data. For reference, we include the oxygen abundances of the 
Magellanic Clouds and the solar photosphere. 



weights equal to the reciprocal of the variance, yields: 
12 + log(0/H)ga,s = 8.57 (±0.02)-0.41 (±0.03) R/R25 (6) 



and is shown with a continuous line in Fig. 10 The weighted 
regression to the c ombined A and B sup ergi ant data, using 
the variances from |Kudritzki et aL]p008| l and |Urbaneja et al^ 
( |2005b) , is: 

12 + log(0/H),tars = 8.59 (±0.05)-0.43 (±0.06) R/R2S (7) 

and is shown with a dashed line in Fig. [10] A straightfor- 
ward error analysis shows that the slopes and the intercepts 
of the two regressions are not significantly different. The 
virtual coincidence of the slopes of the nebular and stellar 
abundance gradients is remarkable. This result is quite ro- 
bust, since it does not depend on the somewhat uncertain dust 
depletion factor, which affects the absolute abundance values, 
and the possible effects of temperature fluctuations on the de- 
rived abundances, because they appear to be independent of 
metallicity. From the H II region regression, which has the 
smaller errors, we derive an oxygen abundance gradient of 
-0.077 ± 0.006 dexkpc"', while the blue supergiants yield 
-0.081 ±0.011 dex kpc"' (the small differ ence relative to the 
value pubHshed by [Kudritzki et al.||2008l -0.083 dexkpc"', 
is due to the slightly different orientation parameters used to 
calculate the galactocentric distances). 

The intercepts of the linear fits are virtually coincident. Due 
to our initial assumption that the A supergiant oxygen abun- 
dances scale with the metallicity obtained from the analysis 
of the line blends in their spectra, the vertical positions of the 
A supergiant data in Fig. [TO] depend on the choice of the so- 



lar oxygen abundance, whereas the H II region abundances do 
not. However, in Fig.[TO]we do not detect a significant off- 
set between the A supergiants and the B supergiants, which 
provide direct measurements (albeit model-dependent) of the 
oxygen abundance via the stellar O II spectral features. In any 
case, it is important to remember that additional effects, such 
as the uncertainties of the atomic parameters on the derived 
abundance, also influence the comparison of the absolute val- 
ues of the chemical abundances. For example, the default 
atomic data used by iRAF's nebular tasks distributed with 
STSDAS Version 3.8 (Feb 2008), which had not been updated 
since 1997, would yield a mean O/H value lower by about 
0.04 dex than reported here. 

The agreement we find between nebular and stellar abun- 
dances leaves little room for effects that would systematically 
increase the nebular abundances, such as metal depletion onto 
dust grains, or large-scale temperature fluctuations. By con- 
sidering the modest dust depletion factor of -0. 1 dex for oxy- 
gen discussed earlier the intercept of the linear regression to 
the Hll region data for O/H would still be consistent with 
the A supergiant fit, within the Icr uncertainties. We estimate 
that the stellar and nebular intercepts would differ at the 95% 
confidence level once we reach 12H-log(O/H)gas = 8.70 (ne- 
glecting other sources of systematic errrors, such as uncer- 
tainties in the atomic parameters and the solar metallicity). 
This would leave no room for temperature fluctuation effects. 
Clearly, measurements of metal recombination lines in this 
galaxy would be helpful to secure constraints on the abun- 
dance discrepancy factor in NGC 300. 



We do not see any evidence in Fig. 10 for a break in the 
abundance gradient of NGC 300, in particular for a steepen- 



16 



Bresolin et al. 



in g of the gradient in the inner di sk, which was suggested 
by Vila-Costas & Edmunds ( 1992| l, who applied the R23 in- 
dex on a compilation of published data to d erive chemical 
abunda nces. This result was not confirmed by |Zaritsky et al.| 
([1994'), who could not exclude that some of the breaks in the 
line ratios observed for a few galaxies at certain galactocentric 
distances might not represent actual bends in the abunda nce 
gradients (as more recently concluded by |Pilyugin|2003 i. A 
central steepe ning might be present in othier galaxies, fo r ex- 
ample M33 ( |Vilchez et al.| [T98F; Magrini et ap[2057l ), but 
a simple exponential function appears to be sufficie nt to d e- 
scribe the de pendence of O/H on radius in NGC 300. Zaritsky 
et al. ( 1994[ ) defined the 'characteristic' oxygen abundance of 



a galaxy as the value measured at 0.4 /?25. Thi s quantity cor 
relates with the integrated galaxy metallicity (Moustakas & 
iKennicutt 2006 ). From Eq. |6] we find a characteristic abun- 
dance 12 + log(0/H) = 8.41 ± ().04 for NGC 300. 

The distribution of the H II region data points in Fig.fTOlhas 
quite a small dispersion, with an rms residual from the Imear 
fit of only 0.05 dex, which is similar to the measurement un- 
certainty of the most accurate O/H abundances presented in 
Table ^ (the reduced statistics equals 1.2, implying that 
the abundance error estimates are realistic). The scatter is 
smaller than what has been observed from auroral line mea- 



surements in other galaxies, such as MlOl (Kennicutt et al. 



2003 0.09 dex, compara ble to the measurement error s), and 
especially M33, where Rosolowsky & Simon ( 2008| l found 



a dispersion which is considerably larger than the measure- 
ment errors, with an intrinsic variance of 0. 1 1 dex (from their 
data, the rms scatter computed in the same way as in the case 
of NGC 300 is 0.16 dex). In NGC 300 the observed oxy- 
gen abundance scatter at a given radius is therefore consistent 
with the measurement errors. This suggests that azimuthal 
abundance variations are negligible at the level of precision 
attained in this work. However, the number of H II regions 
observed should be increased considerably, especially in the 
outer disk, in order to test for azimuthal variations. 

6. DISCUSSION 
6.1. Comparisons between gas and stars in other galaxies 

In this section we briefly summarize the main results re- 
garding the comparison of chemical abundances obtained 
from H II regions and blue supergiants in nearby galaxies, in 
order to put our result for NGC 300 into a wider context. We 
limit our comparisons to the abundances of oxygen, since this 
is, in most cases, the only chemical element that can be re- 
liably measured in both gas and stars (nitrogen is subject to 
evolutionary effects, i.e. enrichments and depletions, in early- 
type stars). We also do not strive for an exhaustive review of 
the subject, and concentrate only on H II regions as represen- 
tative of the gaseous abundances, since in NGC 300 planetary 
nebulae abundances have not been published yet (but a com- 
panion paper, by Pefia et al. 2009, is in preparation). 

Some of the previous comparisons in external galaxies has 
suffered from the lack of direct abundances (those based on 

determinations ) of H II regions, and had therefore to deal 
with the systematic uncertainties introduced by the use of dif- 
ferent strong-line abundance indicators. This was the cas e in 
the previous study o f six B supergiants in NGC 300 by |Ur 

baneja et al.|(|2005b|l, or in the analysis of B, A and F super 
j^j]-- ^ 

nearby 



giants in M3 



et al.l 
dwarf 



2000 1. 



dSmartt et al.|2001 [ [TVundle et al.|2002[ [\^ 

Firmer results have been obtained in nearby 



due to the higher electron temperature resulting from smaller 
gas cooling, the detection of Tg-sensitive auroral lines, in par- 
ticular [O III] A4363. In most cases, a very good agreement is 
found between the oxygen abunda nce from B-type stars and 

i Trundle & Len non"2005[ 
613: |BresoUrre t al. 2006) 



Hll regions (Magellanic Clouds: 
.Hunter et al. 2007 - WLM and IC 



2007] [Urbaneja et al 



3109: ^Evans et a 



2008] - NGC 6822: |Lee et al. 2006 - 
71 



■|2007t|Pefia"et al.|2 007l However, the 

metallicity in these small, chemically homogeneous systems 
is low, typicafly below the SMC value 12H-log(0/H) = 8.1 
(1/4 solar). 

The comparison at higher metallicities becomes more chal- 
lenging, as explained above, due to the difficulty of measur- 
ing reliable H II region chemical abundances as the nebular 
cooling efficiency increases (by contrast, stellar features be- 
come more pronounced). Metallicities that are larger than 
those encountered in dwarf galaxies can be found in the cen- 
tral regions of spirals (obviously we are not considering el- 
lipticals), but the number of target galaxies that are suit- 
able for a comparison with the stellar studies is quite lim- 
ited. In fact, prior to our work in NGC 300, comparisons 
have been carried out only in the Milky Way and in M33 
(todate no direct nebular abundances are available in M31). 
In both cases the picture is not as clear as one would hope. 
In the Milky Way, where both H II regions and B stars can 
be traced in the optical preferentially at galactocentric dis- 
tances larger than about 6 kpc, due to dust obscuration in the 
direction of the Galactic center, B-type main sequence stars 
have been found to define a radia l oxygen abundance g radi- 



( Rolleston et al.||2000t see 
Gununersbach et al.|1998| l 



ent of -0.067 ± 0.008 dex kpc 

also [Smartt & Rolleston|1997| and ^ 

that well matches the gradien t obtained for Hl l regi ons by 
various authors, i ncluding Shaver et al. ( 1983 1 and [Affler- 
|bach et aL ( |1997[). On the other handT more recent studies 
' ~ ' ' and B stars ( Daflon] 



of H II regions 0eharveng et al. 



|& Cunha|2004l l find significantly 
gradient, -0.039 ± 0.005 and 



alter slopes for the oxygen 
0.031 ±0.012 dexkpc-\ re- 
spectively, i.e. about a factor of two smaller. These works 
underline the need for accurate nebular electron tempera- 
tures and for a self-consistent NLTE analysis of homogeneous 
samples of OB stars, in order to improve chemical abun- 
dance determinations in these young populations. Compar- 
isons in single, nearby star-forming regions appear partic- 
ularly important in assessing the reliabil ity of the analysis 
methods. A recent example is given by Simon-Diaz et al. 



(2006b who, using the latest generation of hot star models 
have found a remarkable agreement in the oxygen surface 
content of three Trapezium cluster B main-sequence stars [av- 
erage 12 H- log(0/H) = 8.63 ± 0.03] and of the gas-phase abun- 
dance of the Orion nebula [12 H-log(0/H) = 8.65 ±0.03], an- 
alyzed from high-resolution spectroscopy by [Esteban et aL] 
(2004). 

Comparative studi es of H II region and ho t star abundances 
in M33 start ed with [McCarthy et al.| ( |1995[ ) and |Monteverde| 
|et al.| ( |1996| l, who established with the first metallicity de- 
terminations for A and B supergiants in this galaxy a rough 
agreement with the nebular abundances. The more recent 



quantitative B supergiant work by Urbaneja et al.| (2005al de- 
rived a linear radial oxygen abundance gradient of -0.06 ± 
0.02 dex kpc"', which is in agreement with the Hll region 
O/H gradient of -0.054 ± 0.01 1 dex kpc"' measured across 



the whole optical disk of the galaxy by Magrini et al. (2007 1. 



galaxies, in which the low oxygen abundances favor. 



The latter authors, following [ViTchez et al.| ( |1988[ ) and |Ur-| 
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baneja et al. ( |2005a| l, proposed that the combined nebu- 
lar+stellar gradient could be better represented by a steeper 
portion in the inner (R <3 kpc) disk relative to the outer part 
of the galaxy. However, the picture is complicated by addi- 
tional Hll region studies, reporting slopes of the 0/H gra- 
dient that are both steeper (-0.12 ±0.02 dexkpc"': .Vflchez 



0.12 



et^al. 1988 ) and shallower (-0.0 1 2 ± 0.0 1 1 dex kpc"' : |Crock- 
ett et al. 2006; -0.027 ± 0.01 1 dexkpc"': 'Rosolowsky & Si- 



mon 2008 ). These last authors suggest that the different de- 



terrmnations can, in fact, be compatible with each other, be- 
cause the errors in the slopes are likely to be under-estimated 
in the case of a large intrinsic scatter of the abundances around 
the mean gradient. We add that the blue supergiants studied 
by |Urbaneja et al.] p005a) provide ~0.3 dex systematical!}^ 
larger abundances than the Hll regions studied by |Magrini| 
[etS](2007 ). 

In conclusion, there is a still rather small body of evi- 
dence that in general metallicity determinations carried out by 
means of H II regions and hot stars (B dwarfs and supergiants, 
and A supergiants) in galaxies are in rough agreement, but 
some apparently significant differences are borne out when 
looking at the details. The specific cases of the abundance 
gradient in the two best-studied spiral galaxies, the Milky 
Way and M33, reveal unacceptable inconsistencies between 
H II region abundances from different authors, that are hard to 
explain simply in terms of measurement errors. A critical as- 
pect of the nebular work is represented by the accuracy of the 
electron temperatures, which are usually derived from optical 
auroral lines (hydrogen radio recombinat ion lines can also be 
used in the Milky Way, Shaver et al.ll983 ). This problem can 
be partially circumvented by deriving abundances from mid- 
IR (e.g. [Ne ll] A12.8 /im, [Ne III] A15.6 fim, [S III] A18.7 ^m, 
[S IV] A 10.5 Aim) and far-lR lines (e.g. [O III] AA52,88 fim), 
which are insensitive to T^. This method has been pursued 



with success in the Milky Way ( Martm-Hemandez et al. 2002 
Rudolph et al. [2006 ), but has been rarely applied to derive 
abundance gradients for external spiral galaxies. A recent ex- 
ample is the study of S and Ne abundances in M33 by Rubin 
let al. (2008 ), carried out with the Spitzer Space Telescope (un- 
fortunately, the oxygen lines lie outside of the spectroscopic 
range covered by Spitzer). 

Sample size can also be an issue in deriving reliable H II 
region abundance gradients, especiall y if the intrinsic abun- 
dance scatter is large (as suggested by Rosolowsky & Simon' 
[2008 for the case of M33). Dut il & Roy (2001 ) estimated that 
a minimum of 16 H II regions is require3^n order to obtain 
zeropoints with an accuracy of ±0.05 dex or better when the 
rms scatter is 0.1 dex. We have run a series of Monte Carlo 
simulations to independently estimate the errors in both the 
intercept and the slope of a single exponential fit to data points 
distributed uniformly in galactocentric radii, for different val- 
ues of the scatter and the size of the galaxy. We essentially 
confirm the results of Dutil & Roy (2001), except that as the 
number of objects considered becomes smaller our simu- 
lations predict progressively larger errors (see Fig. fTTh. The 
top panel of Fig.[TT]shows that for an intrinsic rms abundance 
scatter of 0.05 dex (as appears to be the case of NGC 300 , as 
shown here, and the Milky Way, Deharven g et al.||2000| l 10 
H II regions are sufficient to determine the intercept of the fit 
to better than 0.04 dex, but the required rises quickly, with 
the square of the intrinsic rms scatter The curves in the bot- 
tom panel for the slope error as a function of were drawn 
for a constant rms scatter of 0.1 dex, and different galactic 
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Fig. 1 1. — Results of Monte Carlo simulations of the errors measured in 
the intercept (top) and the slope (bottom) of exponential fits to the abundance 
distribution of H II regions uniformly distributed in radius within a spiral 
galaxy as a function of the number of data points. Curves for the intercept 
error are drawn for three different values of the rms scatter (0.05, 0.1 and 0.2 
dex). The curves in the bottom panel are drawn for a single rms scatter of 0. 1 
dex, and three different sizes of the galaxy (5, 10 and 20 kpc). The analytical 
results of ,Dutil & Roy|^2001^ are shown by the dotted lines. 



radii (5, 10 and 20 kpc). The slope error at a given is the 
same for a given ratio between these two quantities. Measur- 
ing at the 3(T level a shallow abundance gradient (0.02-0.03 
dex kpc"' ) could require more than 30 H II regions, as in the 
case of a galaxy with a radius of 10 kpc and a scatter of 0.1 
dex (black curve). 

6.2. Strong-line abundances 

Comparisons of strong-line abundance determination meth- 
ods for H II regions have already been carried out by several 
authors, and we refer the reader to the raher vast recent liter- 
ature on the s ubject (Kennicutt et al. 2003'; 'Perez-Montero 
& Diaz 20()5l iNagao et al. 2006; Yin et al. 20q7j Liang 
et al. 2007; Shi et al. 2007; Kewley & Ellison 20(M. "irTflie 
specific case of NGC 300 |Urbaneja et al., (^005m have al- 
ready shown how the adoption of three popular calibrations 
of the R23 method affects the nebular abundances in rela- 
tion to the B supergiant oxygen abundances. We can also 
look at the abundance gradients determined by va rious au- 
thors. As an example, using their R23 calibration, |Zaritsky| 



et al 



( |1994[ ) obtained a slope of -0.61 ± 0.05 7?25"', about 

50% larger than our value, and an extrapolated central abun- 
dance 12-i-log(0/H)o = 8.97, compared to our value of 8.57. 
Deharveng et al. ( 1988 ), with the Dopita & Evans ( 1986) R23 
calibration, obtai ned virtually the same values (slo pe: -0.63, 
intercept: 8.95). |Vila-Costas & Edmunds] ( |1992[ ), with yet 
another R23 calibration, otained a slope of -0.49 /?25~' and an 
intercept 12 -1- log(0/H)o = 8.78 (using their one-component fit 
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Fig. 12. — Galactocentric distribution of the abundance values ob- 
tained from different strong line methods and calibrations: R23 JMcGaugh' 
|1991| =M91, blue triangles; Tremonti et al. 2004 = T04, green circles), 
[N Il]/[On] (K ewley & D opita 2U02 = KD02, open squares), and N2 iPettini 
|& Pagel 2004= FP04, orange triangles). Linear least squares fits are shown 
Dy the dashed lines, and labeled with the appropriate reference. The direct 
abundances determined from our work are shown by the full and open cir- 
cle symbols, an d th e corresponding linear fit is shown by the continuous line 
(same as in Fig.QoJ. 

rather than the two-part gradient). As made clear by a few em- 
pirical studies (Kennicutt et al. 2003 Bresolin et al. 2004 1, the 
direct abundances obtained from the r^-sensitive auroral lines 
provide values in the metal-rich, upper branch of R23 that are 
considerably lower than previous R23 calibrations. The effect 
appears to be more significant at high metallicity, so that the 
slopes derived from the direct method are shallower. In fact, 
the gradient derived by Pilyugin et al. (2004) from the pub- 
lished data using the P-method, which is empirically tied to 
[O III] A4363 abundances in other galaxies, is in good agree- 
ment with our direct measurements (slope: -0.40, intercept: 
8.49). 

We can now illustrate how different strong-line meth- 
ods compare to the Tg-based direct method, as applied to 
the Hll regions in NGC 300. For simplicity, we limit 
our choice to only three methods: (i) R23 = ([0 11] A3727 + 
[O III] AA4959,500 7)/H/3 with the popular theoretical calibra- 
tions by McGaugh (1991 using the analytical forms provided 



by [Kuzio de Naray et al.||2004[) , and [Tremonti et al.| ( |2004 
the analytical lit in their Eq. 1), ( ii) the theoreti cal predic- 



tion for the [N ll] A6583/[0 ll] A3727 indicator by [Kewley & 
Dopita[ ( |2052^ , an d (Hi) N2 = log([Nll] A6583/Ha), empiri- 
cally calibrated by [Pettini & P agel (2004). The output abun- 
dances of these methods and their relative calibrations span 
the abundance range typically covered by strong-line indica- 
tors. Fig. 12 shows the abundances that result from the appli- 
cation of tEese different indicators and calibrations, together 
with the direct abundances derived in § 4, as a function of 
galactocentric distance of the H 11 regions. For each method 
we include the linear least-square fit to the data. 

Fig. 12 illustrates the well-known result that calibrations of 
strong^Tme indices based on theoretical modeling can provide 
abundance estimates that are larger, by sever al tenths of a dex , 
than those from empirical calibrations ( Bresolin et al.|2004| . 
The better agreement between our direct abundance gradi- 



ent and the gradient obtained from N2, calibrated by Pettini 



& Pagel (2004), is no surprise, since this calibrations is di- 



rectly tied to [O 111] A4363 measurements in extragalactic H II 
regions. For R23 we have assumed that all H 11 regions, includ- 



ing those at large galactocentric distance, belong to the upper 
branch of the calibration, even if their [Nii]/Hq!, the usual 
discriminator between lower and upper branch, is aro und the 
turnover value (around [Nll]/Ha = -l.l to -1.3, Kew ley &] 
[Ellison ''2008). Adopting the lower branch calibration would 
move the outer data points down by ^0.4 dex, bringing them 
close to the empirical results, but producing a much steeper 
gradient or an abundance jump from the inner half of the disk. 
A plot of 0/H vs. R23 (not shown) suggests that the assump- 
tion that all objects belong to the upper branch is justified. 

The H II region #7 (= De 30) in our list (Table 1) is a clear 
outlier in relation to the abundance gradient measured with 
the R23 method, as it lies 0.35 dex below the corresponding 
regression line. This object is characterized by a very hard 
spectrum, with [O lll]/[ ll] =9.1, that m akes it stand out also 
in the traditional BPT ( [Baldwin et al.[ ri981) diagnostic di- 
agrams. This is likely related to its WR star content (see 
§ 6.3 1. The measured log R23 = 1.13 is la rger th an the max- 
imum value considered by the McGaugh|( [1991 1 models, and 
this is the likely explanation for the failure of \he analytical 
expression used to derive 0/H from R23. This object's oxy- 
gen abundance does not appear to be peculiar when measured 
from the high S/N detection of [O III] A4363, or from either 
N2or[Nll]/[Oll]. 

Fig. 12 also illustrates the fact that the slope of the radial 
abundance gradient can be significantly different from the one 
estimated from the electron temperature method. For exam- 
ple, the slope determined from [N ll]/[0 ll] is -0.56 ± 0.04 
dex/?25 ^ compared to -0.41 ±0.03 dex/?25~' from the direct 
method. In conclusion, we confirm ealier findings that the di- 
rect method yields oxygen abundances that are considerably 
smaller than some popular calibrations of strong-line methods 
obtained via grids of theoretical models. While the origin of 
the discrepancy remains unclear, the direct method result is 
rather robust, and is backed by the study of blue supergiants. 
This has obvious consequences for the study of metallicity 
gradients in galaxies, as exemplified in Fig. [T2] as well as for 
the derivation of chemical abundances in staMorming galax- 
ies at high redshift. 

6.3. Wolf-Rayet stars 

The detection of Wolf-Rayet (W-R) stars in extragalactic 
H II regions is quite common. The broad lines emitted in the 
extended atmospheres of these hot, evolved massive stars are 
easily discerned even at relatively low S/N ratios in the spec- 
tra of the ionized nebulae that harbor them. The first detection 
of W-R fea tures in NGC 300 was carried out by D'Odorico] 
[et al.[ ( [T983] l, who found the characteristic 'blue bump' arouna 
4650 A in two H II regions (our #5 and #19). Addit i onal W-R 
stars ha ve been reported by Deharveng et al.'(1988),'Sc hild &] 
[Testor K 1991 1992), Breysacher et al. ( 1997), BresoliriTTn] 
(2002b) and Schild et al. (2003), whose census includes 60 
known or candidate W-R st ars, 21 of whic h have spectro- 
scopic confirmation. As |Schild et al. (2003) pointed out, 12 
of the spectroscopic ally confirmed W-R stars are of type WC, 
and they estimated that the overall N(WC)/N(WN) number 
ratio is ^ 1/3. This puts NGC 300 approximately in the ex- 
pected location in the empirical N(WC)/N(WN) vs. 0/H di- 
agram, even though, as a consequence of our improved re- 
sults for the metallicity in this gal axy, the abundanc e value 
adopted for the central region by Crowther (2007) should 
be revised downwards by approximately o! 1-0. 15 dex to 
12H- log(0/H) = 8.5 [the value adopoted by jSchild et al.|2003| 
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TABLE 10 
W-R STAR DETECTIONS 



1.5 



ID Type Reference Comment 

(1) (2) (3) (4) 

5 WC D2 

7 WNE ST8 

12 WNL new detection 

14 WC4, WN S2-4 in nearby regions De53B-C 

17 S7-8 

19 WC+WN S 11-12 

20 S 18 

23 S 35-37 

24 S 36 

26 WN7 S 49-50-51 

Note. — Col. (1): H II region identification (from Table|2). Col. (2): W- 
R c lassification (when available). Col. (3): source of W-R aata. S: Schild 
let al. (2003 only this reference is provided when available); D: D'Odorico 
[ef al. 11983) ; ST: .Schild & Testor, 1 ,1992) . Col. (4): De= peharveng et al.. 



was instead 12 + log(0/H) = 8.8]. 

We have detected W-R star features in 10 Hll regions 
of our sample, mostly the 4650 A bump (composed of 
HeiiA4686 and NiiiA4634-^l and/or NvA4603-20), but 
alsoClvA5808 (#5 = De24) andClllA5996 (#19 = De77). 
Our s pectrum of #7 (=De30, already briefly discussed in 
§ [0| also contains broad HellAA5200, 4541 and 5411 from 
the embedded W-R sta r This object is absent from t he list 
of Schild et al. ( [2003 [ ), but corresponds to star 8 of |Schild| 
[& Testor| ( )1992i , who classified it as an early WN. We con- 
firm this classification, based on the strong He II A4686, and 
the presence of N V A4603-20. For the He II A4686 line of 
this star we measure a luminosity of 3.8 x lO-'^ ergs"' (for 
D= 1.88 Mpc), an equivalent width of 175 A and a FWHM of 
35 A. With these measurements we find very good agreement 
with the properties of WN3-4 stars in the LMC (of compara- 
ble metallicity) presented by Crowther & Hadfield (2006). 

We summarize in Table [10] the W-R star detections in 
our Hll region sample, providing spectral types and refer- 
ences from previous work. We report a new detection in 
#12 (=De45), and assign a WNL classification, based on 
the presence of N ill A4634— 41, of comparable strength to 
He II A4686, and the absence of N V A4603-20 in emission. 
We also uncovered the blue bump feature in # 14, whi ch cor- 
responds to De53A in Deharveng et al. (19881, while Schild 



et al. ( 2003[ l report W-R stars in the nearby regions De53B 
aiiaDel^ 

6.4. Ionizing radiation 

As mention ed earher, the rj = (0"'"/0"'" '")/(S^/S"^) parameter 
introduced by jVflchez & Pagel| (|1988|) is a measure of the 
softness of the ionizing radiation, its value decreasing with 
increasingly harder stellar ionizing continua (log ?/ 
the blackbody case) 



Fig. 



in 

13] ( top ) shows a mild radial gra- 
dient of 1] in NGC 300, as Herived from our ionic aundances. 
The outlier with a much higher value of log 77 ~ than the rest 
of t he sa mple is our target #7 (= De 30), which was identified 
in § ]6.3| as a high-excitation Hll region hosting a WNL star. 
This object appears as a high-surface brightness nebula, with 
a compact, round morphology in our Ha images. 

To illustrate the behavior of j] in a wider context, we have 
plotted in Fig.^\( bottom) a OVO"^ vs. S"^/S^diagram that 
includes the NGC 300 data, as well as other H II region sam- 
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Fig. 13.— (Top) Radial gradient of log»; = log(0+/0++)/(S+/S++) in 
NGC 300. The outlier at log»7~0 is object #7. (Bottom) 0+/0++ 
vs. S+/S^ diagram for various H II region samples: NGC 300 (dots with error 
bars), MlOl (blue open squares), M51 (orange open squares) and additional 
galaxies taken from Bresolin et al. 1 2005 green open triangles). In all cases 
the ionic abundances were derived from the measurement of auroral lines. 
Two lines of constant 77 have been drawn at log r; = and log r; = 0.7. We iden- 
tify two of the H II regions discussed in the text, NGC 300-7 and NGC 547 1 
in MlOl. 

pies analyzed by our group, for which the ionic abundances 
were derive d by means of aur oral lines: MlOl (jKennicutt 
et al.|2003| blue squares), M51 ( [Bresohn et al.|2004| orange 
squares), and additional galaxies from 'Bresolin et al (2005' 



green triangles). In this diagram, objects whose nebular spec 
tra can be characterized by similar values of the 'effective' 
temperature of the ionizing radiation field lie along lines of 
constant 77, as empirically verifi ed by spatially resolved spec- 
troscopy of nearb y H II regions ( Vflchez & Pagel|1988 Ken- 
nicutt et al. 2000 1. We have drawn two such lines for log 77 = 
and log 77 = 0.7 for illustration purposes. Along lines of con- 
stant 77 the ionization parameter U, a measure of the ratio of 
ionizing photon density to th e density of a toms, increases to- 
wards smaUer S'^/S++ values ('Mathisjl985 1. 



It can be seen from Fig. 13 that the majority of the Hll 



galaxies cluster around the log?7 = 0.7 line, with a dispersion 
that is partly due to metallicity. The region NGC300-7 is 
one of a few with very hard ionizing spectra. Among these 
we find NGC5471-B (identified in Fig.fOll, NGC5471-A and 
NGC5471-D (located in proximity of NUC300-7 in the plot), 
and M51-P203 (orange square near NGC5471-B). The unusu- 
ally high tempera ture of the ion izing stars in NGC 547 1 was 
already noted by ]Mathis] ( 11982 ). Even harder spectra (log 7/ 
between -0.2 and -K).35) can be found among Hll galaxies 
(Hagele et al. 2006 2008), which are more extreme examples 
of star-forming regions. 

We have searched for a correlation between the hardness 
of the radiation, as measured by 7/, and the presence of W-R 
star features in the nebular spectrum. However, many of the 
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softer spectra (high r/) belong to H II regions containing W- 
R stars, mostly of types WC and WNL. The harder spectra 
could be related to the presence of high-ionization WNE stars 
(as found in NGC300-7), but although we detect C III A5696 
and HellA4686 in M51-P203 (which has one of the hard- 
est spectra among the objects included in Fig. 13 i, we do 
not find evidence for N V lines. Besides, broad W-R features 
are not detected in the various components of NGC 547 1 in 
MlOl , although nebular He II A4686 is present ( Schaerer et al. 
|1999| and confir med by our ind ependent analysis of the spec- 
tra presented by IKennicutt et al. 2003 ), which is indicative 
of high-excitation conditions. However, high-excitation is the 
norm among low-metallicity Hll regions, as is the case of 
NGC 5471. Still, we think that there is circumstantial ev- 
idence to suggest that the hard spectrum of NGC 300-7 is 
related to the presence of an ea r ly WN star among its ion- 
izing sources. [Kennicutt et al.| ([2000') measured the_c|uai> 
tity rj/, defi ned by log77/ = log?7-^.14/f-0.16 (Vflchez & 
Pagel|1988) , which depends mildly on the electron tempera- 



ture (f = r^/lO*), in four H II Galactic regions ionized by W-R 
stars of type WN3-5, and found values between -0.2 and 0.1 
(with the lower values for the earlier WN subtype). With an 
electron temperature around 7^=10* K, we would then obtain 
logry ~ 0.1-0.3. This simple example illustrates the fact that 
the hardness of the nebular spectrum produced by a single ion- 
izing early-type WN star is comparable to what we observe in 
NGC 300-7 (log 7/ = -0.03). 



Part of the scatter of the data points in Fig. 13 relative to 
a line of constant rj is related to a metallicity trend. This is 
evident in Fig. [T4](ro/?j, which shows how log 77 varies with 
oxygen abundance for the same sample of H II regions con- 
sidered in Fig. 113] Excluding NGC 300-7 and M51-P203, 
the data points follow a linear trend defined by the following 
least-square fit: 



logr?= 1.10 (±0.14) jc - 8.45 (±1.15) 



(8) 



where x=12 + log(0/H). This result could, in principle, be af- 
fected by the dependence of rj on the ionization parameter, 
which is known to vary with metallicity in galaxies ([Dopita &| 
|Evans 1986 ; BresoHn et al.|l99 9 ; Dopita et al. 2006)." We have 
investigated the effect of the ionization parameter by divid- 
ing the H II region sample into two equal-sized sub-samples, 
of 'high' and Tow' U, using the fact that the S''"/S"'"'" ratio, 
together with its more commonly used observational equiva- 
lent [S Il]/[S III], i s a good indicator of this nebular parameter 
( |Diaz et aL]|1991| l. The result is shown in Fig. [I4| (bottom), 
where the two samples are drawn with different symbols. The 
histogram at the bottom (drawn on an arbitrary vertical scale) 
indicates that the distributions of objects in each subsample in 
terms of O/H are only mildly skewed, with low-U H II regions 
favoring high abundances, and high-f/ H II regions favoring 
low abundances. The effect confirms qualitatively the find- 
ing that the ionization parameter is a decreasing function of 
metallicity. What is interesting, however, is that in the metal- 
licity range covered by our data the two sub-samples have a 
similar behavior when we consider the dependence of 77 on 
O/H. The observed trend does not appear to be generated by 
the ionization parameter varying systematically with metal- 
licity, as the two sub-samples have approximately the same 
extent in both O/H and log 77. If the rj dependence on U were 
important, we would expect a strong dichotomy in the dia- 
gram, with high-t/ regions occupying only the low-7y part of 
the plot. 



The detection of a metallicity trend in the hardness of the 
ionizing r adiation confirms earlier fin dings by other authors , 
including [ViTchez & Pagel] ([T988^ andlB resolin et al.| ( [19991 ), 
but using a larger, homogeneous sample of extragalactic H II 
regions extending over nearly 0.9 dex in O/H, fully based on 
r^-based abundances. The 77 method is successful in rank- 
ing stellar temperatures, but the quantification of the observed 
hardness in terms of an effe ctive temperat ure of the ionizing 
sources is model-dependent ( Mathis|1985[ l. Assigning val- 
ues to the rj scale would require photoionization modeling of 
H II regions adopting the most recent generation of stellar at- 
mosphere models for hot stars, but this is outside of the scope 
of the present paper. We simply note that, while in some of 
the older work on the rj parameter changes in the stellar initial 
mass function were invoked to explain the softer ionizing field 
at high metallicity, for example requiring upper mass cut-offs 
decreasing with metallicity, the current spectral modeling of 
hot stars at various metallicities provides a natural explana- 
tion of the nebular observations. Softer ionizing stellar con- 
tinua with increasing metallicity are theoretically expected for 
hot stars, due to the enhan c ed metal line blockin g (KudritzM] 
[2002) [Mokiem et al |2004] . [Massey et ain ( [2004lj2005| ), com- 
parmg spectra of O stars located in the MiUcy Way and the 
Magellanic Clouds, and analyzed with NLTE, line-blanketed 
model atmospheres, find that early O stars in the SMC are 
3000-4000 K hotter than their counterparts in the Milky Way. 
Population synthesis models that include line-blanketed atmo- 
spheres for O stars and an improved treatment of the ionizing 
output of W-R stars are able to reproduce the empirical radia- 
tion softening (Smith et al.,2002) . 

7. CONCLUSIONS AND SUMMARY 

The analysis of the emission lines in H II region spectra has 
provided the bulk of present-day abundance measurements in 
nearby galaxies, and is being frequently used to study the 
chemical composition of high redshift star-forming galaxies. 
The collection of nebular data is ther efore essential to in- 
fer the cosmic evolution of metallicity (Savaglio et al.[[2005 



Maiolino et al.|2008[ [Lara-Lopez et al.J2009[ ), although stud 
ies of the stellar m etallicity as a func tion of redshift start to 
offer an alternative ( |Panter et al.|2008| l. 

In the local Universe, the knowledge of abundance gradi- 
ents in spiral galaxies and their evolution with time provides 
the necessary observational constraints to the parameters that 
drive models of the chemical evolution of galaxies, such as 
the radial dependence of accretion and star formation rate in 
galactic disks (Matteucci & Francois 1989; Boissie r & Prant^ 
zos 1999; Chiappini et al. 2001 ; Colavitti et al. 2008|. Exclud- 
ing the Milky Way and a very few nearby galaxies, such as 
the Magellanic Clouds, where the metal content of the young 
stellar populations has been d erived from alternative tracers, 
including Cepheid variables ((Luck et al. 2003, Romaniello 
et al. 2008 ) and B stars (Rolleston et al. 2000, Trundle et aL 



2007 ), H II regions often represent the only source of present- 
day abundance information for star-forming galaxies. 

As explained in the Introduction, nebular abundances are 
still subject to systematic uncertainties. In the vast majority 
of cases, extragalactic nebular abundances are derived from 
strong-line metallicity indices, due to the difficulty of detect- 
ing the faint r^-sensitive auroral lines, such as [Olll]A4363. 
As discussed by several authors, large differences (up to 0.7 
dex) can arise in the derived values, depe nding on the cal- 
ibration adopted (Kewley & Ellison 2008| l. Empirical cali- 
brations that are tied to auroral Une measurements (such as 
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H II regions shown in Fig.|t3] We identify NGC 5471 in MlOl, NGC 300-7, 
and M51-P203 as three objects with particularly hard ionizing spectra. The 
least-square fit to the data points, excluding NGC 300-7 and M51-P203, is 
shown by the dashed line. (Bottom) Same diagram as above, using different 
symbols to separate H II regions with low and high ionization parameter U, 
adopting the median S^/S^ ionic ratio as the cut-off value. The histograms 
at the bottom, drawn at an arbitrary scale, display the distribution of the two 
sub-samples in terms of O/H. 



those by|Pettini & Pageil|2004l |Pilyugin & Thuan||2005] and 
Liang et al. 2007|l provide considerably smaller abundance 



values (0.2-0.6 dex) than theoretical calibrations, which are 
generated from grids of photo i onization model s (McGau^ 
[T99T] [Kewley & Dopita|[2002l [Tremonti et al.|[2004) . This 
effect has been strongly manifested after the first direct mea- 
surements of electron temperatures in high-metallicity H II re- 



gions (Castellanos et al. 2002; Kennicutt et al. 2003 ; Bresolin 
[eFal.| |2004; Bresolin 2007). The existence of temperature 
nuctations within nebulae, which could be responsible for 
the discrepancy between nebular abundances obtained from 
collisionally excited lines and recombination lines, can, in 
principle, help to bridge the gap between direct abundances 
and theoretical ones. However, the importance of tempera- 
ture fluctuations in explaining the abundance discrepancies in 
H II regions is still a contro versial topic (Stasiiiska et al. 2007; 
|Mesa-Delgado et al.J2008i . In light of the importance of H II 
region abundances in di sparate fields, such as the distance 
scale ( |Bono et"ar 2008 1 a nd the study of gamma-ray burst 
progenitors ( [Modjaz et al. 2008[ l, it is essential to establish 
the accuracy of the methods used in measuring metaUicities. 



: accuracy i 

Motivated by these considerations, we have obtained new 
H II region spectra in NGC 300. In this spiral galaxy about 30 
blue supergiants have been analyzed by our group, providing 
estimates of their metal content, and thus offering the possibil- 
ity of a comparison between stellar and nebular abundances. 
What makes such a comparison more significant than previ- 
ous ones is the fact that, instead of having to rely on chemi- 



cal abundances obtained from strong-line methods (which are 
subject to the uncertainties mentioned above), we presented a 
sample of 28 H II regions for which we detected auroral lines 
([O III] A4363, [S III] A6312, [N ll] A5755) used to derive elec- 
tron temperatures and O, S, N, Ar and Ne abundances. This 
procedure is generally considered to provide reliable abun- 
dances at least up to the solar metallicity, even though, for 
the reasons exposed above, it is important to test the results 
against other methods. The main conclusion from our work is 
that our stellar and nebular abundances agree very well, in the 
range spanned by our objects, 12H-log(0/H) approximately 
between 8.1 and 8.5, i.e. from the metallicity of the Small 
Magellanic Clouds to an intermediate value between that of 
the Large Magellanic Cloud and the Sun. The central abun- 
dance of NGC 300, obtained from a linear extrapolation of the 
H II region data, is sub-solar, 12 + log(0/H) = 8.57 ± 0.02, and 
the slope of the radial abundance gradient is -0.077 ± 0.006 
dex kpc~' . The metaUicities of th e B and A supergiants ana- 



lyzed by Urbaneja et al. 



and IKudritzki et al.| ( |2008] l 



are fully consistent with the nebular results. This result leads 
to our main conclusion, that, in the metallicity range sampled, 
direct, Tg-based chemical abundances in extragalactic H II re- 
gions are reliable measures of the nebular abundances. 

The excellent agreement that we find between nebular and 
stellar abundances does not exclude effects that would sys- 
tematically increase the nebular abundances, such as metal 
depletion onto dust grains, or temperature fluctuations. How- 
ever, their combined effect should be less than about 0.13 dex 
to be compatible with the stellar data. On the other hand, our 
stellar abundances do not agree with the case where the H II 
region abundances are derived from theoretically calibrated 
strong-line methods. We showed examples where the latter 
provide abundances that are larger than the stellar ones by 
0.3 dex or more in the central galactic region. The fact that 
in the case of the Orion nebula the stellar abundances are in 
good agreement with the gas abundances derived from metal 
recombination lines does not imply that a fundamental differ- 
ence between extragalactic and Galactic H II regions exists, 
as far as metallicity determinations are concerned. It stresses 
the need for further comparative studies of stellar and nebular 
chemical compositions in the Milky Way and in other nearby 
spiral galaxies, including both collisionally excited lines and 
metal recombination lines. It is also worth pointing out that 
this kind of comparison is somewhat limited by systematic 
uncertainties, such as those related to the atomic parameters 
used to derive the chemical compositions. 

We have briefly discussed the detection of W-R star features 
in our H II region spectra, and found that in one of the nebulae 
hosting W-R stars the ionizing field has a particularly hard 
spectrum, as gauged by the -q parameter. We suggest that this 
is due to the presence of an early WN star We have also 
considered a larger sample of extragalactic H II regions where 
Tf-based abundances are available from our previous work, 
and confirm previous findings about a metallicity dependence 
of rj, in the sense that softer nebular spectra are found at higher 
metallicity. 



F.B. gratefully acknowledges the support from the National 
Science Foundation grant AST-0707911. G.P. and W.G. ac- 
knowledge financial support from the Chilean Center for As- 
trophysics FONDAP 15010003. W.G. also acknowledges 
support from the BASAL Centro de Astrofisica y Tecnolo- 
gias Afines for this work. We thank Grazyna Stasinska for 



22 



Bresolin et al. 



her commenls on the manuscript. 
Facilities: VLT:Aiitu (F0RS2) 



REFERENCES 



Afflerbach, A., Churchwell, E., & Werner, M. W. 1997, ApJ, 478, 190 

Aggarwal, K. M., & Keenan, F. R 1999, ApJS, 123, 311 

Asplund, M., Grevesse, N., & Sauval, A. J. 2005, in Astronomical Society of 
the Pacific Conference Series, Vol. 336, Cosmic Abundances as Records 
of Stellar Evolution and Nucleosynthesis, ed. T. G. Barnes, 111 & F. N. 
Bash, 25 

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5 

Barker, T. 1980, ApJ, 240, 99 

Blair, W. P, & Long, K. S. 1997, ApJS, 108, 261 

Bland-Hawthorn, J., Vlajic, M., Freeman, K. C, & Draine, B. T. 2005, ApJ, 
629, 239 

Boissier, S., & Prantjos, N. 1999, MNRAS, 307, 857 

Bono, G., Caputo, F., Fiorentino, G., Marconi, M., & Musella, I. 2008, ApJ, 

684, 102 
Bresolin, E 2007, ApJ, 656, 186 

Bresolin, F. 2008, in The Metal-Rich Universe, ed. G. Israelian & 
G. Meynet, 155 

Bresolin, F, Garnett, D. R., & Kennicutt, R. C. 2004, ApJ, 615, 228 
Bresolin, F, Gieren, W., Kudritzki, R.-R, Pietrzyiiski, G., & Przybilla, N. 

2002a, ApJ, 567, 277 
Bresolin, F, Kennicutt, Jr., R. C, & Garnett, D. R. 1999, ApJ, 510, 104 
Bresolin, F, Kudritzki, R.-P, Mendez, R. H., & Przybilla, N. 2001, ApJ, 

548, L159 

Bresolin, F, Kudritzki, R.-P, Najarro, F, Gieren, W., & Pietrzyiiski, G. 

2002b, ApJ, 577, L107 
Bresolin, F, Pietrzyhsld, G., Urbaneja, M. A., Gieren, W., Kudritzki, R.-R, 

& Venn, K. A. 2006, ApJ, 648, 1007 
Bresohn, P., Schaerer, D., Gonzdlez Delgado, R. M., & Stasinska, G. 2005, 

A&A, 441, 981 

BresoHn, F., Urbaneja, M. A., Gieren, W., Pietrzyiiski, G., & Kudritzki, R.-P. 

2007, ApJ, 671, 2028 
Breysacher, J., Azzopardi, M., Testor, G., & Muratorio, G. 1997, A&A, 326, 

976 

Butler, D. J., Martfnez-Delgado, D., & Brandner, W. 2004, AJ, 127, 1472 
Campbell, A., Terlevich, R., & Mehiick, J. 1986, MNRAS, 223, 811 
Carpano, S., WUms, J., Schirmer, M., & Kendziorra, E. 2005, A&A, 443, 
103 

Cartledge, S. I. B., Lauroesch, J. T., Meyer, D. M., & Sofia, U. J. 2004, ApJ, 

613, 1037 

Castellanos, M., Di'az, A. 1., & Terlevich, E. 2002, MNRAS, 329, 315 
Chiappini, C, Matteucci, F, & Romano, D. 2001, ApJ, 554, 1044 
Christensen, T, Petersen, L., & Gammelgaard, R 1997, A&A, 322, 41 
Colavitti, E., Cescutti, G., Matteucci, F, & Murante, G. 2008, ArXiv e-prints 
Cowie, L. L., & Barger, A. J. 2008, ApJ, 686, 72 

Crockett, N. R., Garnett, D. R., Massey, P, & Jacoby, G. 2006, ApJ, 637, 
741 

Crowther, R A. 2007, ARA&A, 45, 177 
Crowther, R A., & Hadfield, L. J. 2006, A&A, 449, 711 
Daflon, S., & Cunha, K. 2004, ApJ, 617, 1 1 15 
Davidge, T. J. 1998, ApJ, 497, 650 

De Robertis, M. M., Dufour, R. J., & Hunt, R. W. 1987, JRASC, 81, 195 
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., Buta, R. J., 

Paturel, G., & Fouque, P. 1991, Third Reference Catalogue of Bright 

Galaxies (Volume 1-3, XII, 2069 pp. 7 figs.. Springer- Verlag Berlin 

Heidelberg New York) 
Deharveng, L., Caplan, J., Lequeux, J., Azzopardi, M., Breysacher, J., 

Tarenghi, M., & Westerlund, B. 1988, A&AS, 73, 407 
Deharveng, L., Peiia, M., Caplan, J., & Costero, R. 2000, MNRAS, 311, 329 
Di'az, A. I., Terlevich, E., ViTchez, J. M., Pagel, B. E. J., & Edmunds, M. G. 

1991, MNRAS, 253, 245 
D'Odorico, S., Rosa, M., & Wampler, E. J. 1983, A&AS, 53, 97 
Dopita, M. A., & Evans, I. N. 1986, ApJ, 307, 431 
Dopita, M. A., et al. 2006, ApJ, 647, 244 
Dutil, Y., & Roy, J.-R. 2001, AJ, 122, 1644 
Edmunds, M. G., & Pagel, B. E. J. 1984, MNRAS, 21 1, 507 
Erb, D. K., Shapley, A. E., Pettini, M., Steidel, C. C, Reddy, N. A., & 

Adelberger, K. L. 2006, ApJ, 644, 813 
Esteban, C, Bresolin, F., Peimbert, M., Garcfa-Rojas, J., Peimbert, A., & 

Mesa-Delgado, A. 2009, ApJ, submitted 
Esteban, C, Peimbert, M., Garcfa-Rojas, J., Ruiz, M. T., Peimbert, A., & 

Rodriguez, M. 2004, MNRAS, 355, 229 



Esteban, C, Peimbert, M., Torres-Peimbert, S., & Rodriguez, M. 2002, ApJ, 
581, 241 

Evans, C. J., Bresolin, F., Urbaneja, M. A., Pietrzyiiski, G., Gieren, W., & 

Kudritzki, R.-R 2007, ApJ, 659, 1198 
Froese Fischer, C, & Tachiev, G. 2004, Atomic Data and Nuclear Data 

Tables, 87, 1 

Froese Fischer, C, Tachiev, G., & Irimia, A. 2006, Atomic Data and 

Nuclear Data Tables, 92, 607 
Galavis, M. E., Mendoza, C, & Zeippen, C. J. 1995, A&AS, 111, 347 
Garcfa-Rojas, J., & Esteban, C. 2007, ApJ, 670, 457 

Garcfa-Rojas, J., Esteban, C, Peimbert, A., Rodriguez, M., Peimbert, M., & 
Ruiz, M. T. 2007, Revista Mexicana de Astronomia y Astrofisica, 43, 3 

Garcfa-Rojas, J., Esteban, C, Peimbert, M., Costado, M. T., Rodriguez, M., 
Peimbert, A., & Ruiz, M. T. 2006, MNRAS, 368, 253 

Garnett, D. R. 1992, AJ, 103, 1330 

Garnett, D. R. 2004, in Cosmochemistry. The melting pot of the elements, 

ed. C. Esteban, R. Garcia Lopez, A. Herrero, & F. Sanchez, 171-216 
Garnett, D. R., & Kennicutt, Jr., R. C. 1994, ApJ, 426, 123 
Garnett, D. R., Kennicutt, Jr., R. C, & Bresolin, F 2004, ApJ, 607, L21 
Garnett, D. R., Shields, G. A., Skillman, E. D., Sagan, S. R, & Dufour, R. J. 

1997, ApJ, 489, 63 

Gieren, W., Pietrzyiiski, G., Soszyhski, I., Bresolin, F, Kudritzki, R.-P, 

Minniti, D., & Storm, J. 2005, ApJ, 628, 695 
Gonzalez-Delgado, R. M., et al. 1994, ApJ, 437, 239 
Grevesse, N., & Sauval, A. J. 1998, Space Science Reviews, 85, 161 
Gummersbach, C. A., Kaufer, A., Schaefer, D. R., Szeifert, T, & Wolf, B. 

1998, A&A, 338, 881 

Hagele, G. F, Dfaz, A. 1., Terlevich, E., Terlevich, R., Perez-Montero, E., & 

Cardaci, M. V. 2008, MNRAS, 383, 209 
Hagele, G. F, P6rez-Montero, E., Dfaz, A. I., Terlevich, E., & Terlevich, R. 

2006, MNRAS, 372, 293 
Halliday, C, et al. 2008, A&A, 479, 417 
Helou, G., et al. 2004, ApJS, 154, 253 
Henry, R. B. C, & Worthey, G. 1999, PASP, 111, 919 
Hillier, D. J., & Miller, D. L. 1998, ApJ, 496, 407 
Hudson, C. E., & Bell, K. L. 2005, A&A, 430, 725 
Hummer, D. G., & Storey, P J. 1987, MNRAS, 224, 801 
Hunter, I., et al. 2007, A&A, 466, 277 

Izotov, Y. I., Stasinska, G., Meynet, G., Guseva, N. G., & Thuan, T. X. 2006, 

A&A, 448, 955 

Izotov, Y. I., Thuan, T. X., & Lipovetsky, V. A. 1994, ApJ, 435, 647 
Kaufman, V., & Sugar, J. 1986, Journal of Physical and Chemical Reference 

Data, 15,321 

Kennicutt, R. C, Bresolin, F, & Garnett, D. R. 2003, ApJ, 591, 801 
Kennicutt, Jr., R. C, Bresolin, F, French, H., & Martin, R 2000, ApJ, 537, 

589 

Kewley, L. J., & Dopita, M. A. 2002, ApJS, 142, 35 

Kewley, L. J., & Ellison, S. L. 2008, ApJ, 681, 1183 

Kingsburgh, R. L., & Barlow, M. J. 1994, MNRAS, 271, 257 

Kniazev, A. Y, Pustilnik, S. A., Grebel, E. K., Lee, H., & Pramskij, A. G. 

2004, ApJS, 153, 429 
Kobulnicky, H. A., & Kewley, L. J. 2004, ApJ, 617, 240 
Kudritzki, R. R 2002, ApJ, 577, 389 

Kudritzki, R.-P, Urbaneja, M. A., Bresolin, F., Przybilla, N., Gieren, W., & 

Pietrzyhski, G. 2008, ApJ, 681, 269 
Kuzio de Naray, R., McGaugh, S. S., & de Blok, W. J. G. 2004, MNRAS, 

355, 887 

Lara-Lopez, M. A., Cepa, J., Bongiovanni, A., Castaiieda, H., Perez Garcia, 
A. M., Fernandez Lorenzo, M., Povic, M., & Sinchez-Portal, M. 2009, 
A&A, 493, L5 

Larsen, S. S., Origha, L., Brodie, J., & Gallagher, J. S. 2008, MNRAS, 383, 
263 

Larsen, S. S., Origlia, L., Brodie, J. R, & Gallagher, J. S. 2006, MNRAS, 
368, LIO 

Lee, H., Skilhnan, E. D., & Venn, K. A. 2006, ApJ, 642, 813 
Leitherer, C, et al. 1999, ApJS, 123, 3 

Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A., & Torres-Peimbert, S. 

1979, A&A, 80, 155 
Liang, Y. C, Hammer, F., Yin, S. Y, Flores, H., Rodrigues, M., & Yang, 

Y. B. 2007, A&A, 473, 411 



Abundances in NGC 300 



23 



Liu, X., Shapley, A. E., Coil, A. L., Brinchimann, J., & Ma, C P. 2008, ApJ, 
678, 758 

Liu, X.-W., Storey, P. J., Barlow, M. J., Danziger, L J., Cohen, M., & Bryce, 

M. 2000, MNRAS, 312, 585 
Lodders, K. 2003, ApJ, 591, 1220 

Luck, R. E., Gieren, W. P., Andrievsky, S. M., Kovtyukh, V. V., Fouqufi, P., 

Pont, F., & Kienzle, R 2003, A&A, 401, 939 
Maeder, A., & Meynet, G. 2000, ARA&A, 38, 143 
Magrini, L., Vflchez, J. M., Mampaso, A., Corradi, R. L. M., & Leisy, P. 

2007, A&A, 470, 865 
Maier, C, Lilly, S. J., CaroUo, C. M., Meisenheimer, K., Hippelein, H., & 

Stockton, A. 2006, ApJ, 639, 858 
Maiolino, R., et al. 2008, ArXiv e-prints, 806 

Martfn-Hem&idez, N. L., Peeters, E., Morisset, C, Tielens, A. G. G. M., 
Cox, P., Roelfsema, P. R., Baluteau, J.-P, Schaerer, D., Mathis, J. S., 
Damour, F., Churchwell, E., & Kessler, M. F. 2002, A&A, 381, 606 

Massey, P., Bresolin, F., Kudritzki, R. P., Puis, J., & Pauldrach, A. W. A. 
2004, ApJ, 608, 1001 

Massey, P., Puis, J., Pauldrach, A. W. A., Bresolin, F., Kudritzki, R. P., & 
Simon, T. 2005, ApJ, 627, 477 

Mathis, J. S. 1982, ApJ, 261, 195 

— . 1985, ApJ, 291,247 

Matteucci, R, & Francois, R 1989, MNRAS, 239, 885 

McCarthy, J. K., Lennon, D. J., Venn, K. A., Kudritzki, R.-R, Puis, J., & 

Najarro, R 1995, ApJ, 455, L135+ 
McGaugh, S. S. 1991, ApJ, 380, 140 

McLaughlin, B. M., & Bell, K. L. 2000, Journal of Physics B Atomic 

Molecular Physics, 33, 597 
Mendoza, C. 1983, in lAU Symposium, Vol. 103, Planetary Nebulae, ed. 

D. R. Rlower, 143-172 
Mennickent, R. E., Pietrzynski, G., & Gieren, W. 2004, MNRAS, 350, 679 
Mesa-Delgado, A., Esteban, C, & Garci'a-Rojas, J. 2008, ApJ, 675, 389 
Mesa-Delgado, A., Esteban, C, Garci'a-Rojas, J., Luridiana, V, Bautista, M., 

Rodriguez, M., Lopez-Martin, L., & Peimbert, M. 2009, ArXiv e-prints 
Meyer, D. M., Jura, M., & Cardelli, J. A. 1998, ApJ, 493, 222 
Modjaz, M., et al. 2008, AJ, 135, 1 136 

Mokiem, M. R., Martin-Hernandez, N. L., Lenorzer, A., de Koter, A., & 

Tielens, A. G. G. M. 2004, A&A, 419, 319 
Monteverde, M. I., Herrero, A., Lennon, D. J., & Kudritzki, R. P. 1996, 

A&A, 312, 24 
Mouhcine, M. 2006, ApJ, 652, 277 
Moustakas, J., & Kennicutt, Jr., R. C. 2006, ApJ, 651, 155 
Munoz-Mateos, J. C., Gil de Paz, A., Boissier, S., Zamorano, J., Jarrett, T., 

Gallego, J., & Madore, B. R 2007, ApJ, 658, 1006 
Nagao, T., Maiolino, R., & Marconi, A. 2006, A&A, 459, 85 
Oliveira, C. M., Dupuis, J., Chayer, P., & Moos, H. W. 2005, ApJ, 625, 232 
Osterbrock, D. E., & Dufour, R. J. 1973, ApJ, 185, 441 
Osterbrock, D. E., Fulbright, J. R, Martel, A. R., Keane, M. J., Trager, S. C, 

& Basri, G. 1996, PASP, 108, 277 
Pagel, B. E. J., Edmunds, M. G., Blackwell, D. E., Chun, M. S., & Smith, G. 

1979, MNRAS, 189, 95 
Pannuti, T. G., Duric, N., Lacey, C. K., Goss, W. M., Hoopes, C. G., 

Walterbos, R. A. M., & Magnor, M. A. 2000, ApJ, 544, 780 
Ranter, B., Jimenez, R., Heavens, A. R, & Chariot, S. 2008, MNRAS, 391, 

1117 

Paturel, G., Petit, C, Prugniel, P., Theureau, G., Rousseau, J., Brouty, M., 

Dubois, R, & Cambresy, L. 2003, A&A, 412, 45 
Pauldrach, A. W. A., Hoffmann. R L., & Lennon, M. 2001, A&A, 375, 161 
Payne, J. L., Filipovic, M. D., Pannuti, T. G., Jones, R. A., Duric, N., White, 

G. L., & Carpano, S. 2004, A&A, 425, 443 
Peiia, M., Stasihska, G., Bresolin, F, & Tsamis, Y. 2009, in prep 
Peiia, M., Stasihska, G., & Richer, M. G. 2007, A&A, 476, 745 
Peimbert, A. 2003, ApJ, 584, 735 
Peimbert, M. 1967, ApJ, 150, 825 

Peimbert, M., & Costero, R. 1969, Boletin de los Observatories Tonantzintla 

y Tacubaya, 5, 3 
P^rez-Montero, E., & Diaz, A. I. 2003, MNRAS, 346, 105 
— . 2005, MNRAS, 361, 1063 

P6rez-Montero, E., Diaz, A. I., Vilchez, J. M., & Kehrig, C. 2006, A&A, 
449, 193 

P6rez-Montero, E., Hagele, G. R, Contini, T., & Dfaz, A. I. 2007, MNRAS, 
381, 125 

P6rez-Montero, E., et al. 2008, ArXiv e-prints 
Pettini, M., & Pagel, B. E. J. 2004, MNRAS, 348, L59 
Pettini, M., et al. 2001, ApJ, 554, 981 

Pietrzydski, G., Gieren, W., Fouqu^, R, & Pont, F. 2001, A&A, 371, 497 
— . 2002, AJ, 123, 789 



Pilyugin, L. S. 2003, A&A, 397, 109 
— . 2007, MNRAS, 375, 685 

Pilyugin, L. S., & Thuan, T. X. 2005, ApJ, 631, 231 

Pilyugin, L. S., Thuan, T. X., & Vflchez, J. M. 2006, MNRAS, 367, 1139 

Pilyugin, L. S., Vflchez, J. M., & Contini, T. 2004, A&A, 425, 849 

Porter, R. L., Periand, G. J., & MacAdam, K. B. 2007, ApJ, 657, 327 

PrzybiUa, N., Nieva, M.-R, & Butler, K. 2008, ApJ, 688, L103 

Puis, J., Urbaneja, M. A., Venero, R., Repolust, T., Springmann, U., Jokuthy, 

A., & Mokiem, M. R. 2005, A&A, 435, 669 
Quireza, C, Rood, R. T., Bania, T. M., Balser, D. S., & Maciel, W. J. 2006, 

ApJ, 653, 1226 

Ramsbottom, C. A., Bell, K. L., & Stafford, R. R 1996, Atomic Data and 

Nuclear Data Tables, 63, 57 
Read, A. M., & Pietsch, W. 2001, A&A, 373, 473 

Rix, S. A., Pettini, M., Leitherer, C, Bresolin, R, Kudritzki, R.-R, & Steidel, 

C. C. 2004, ApJ, 615, 98 
RoUeston, W. R. J., Smartt, S. J., Dufton, R L., & Ryans, R. S. I. 2000, 

A&A, 363, 537 

Romaniello, M., Primas, R, Mottini, M., Pedicelli, S., Lemasle, B., Bono, 
G., Franfois, R, Groenewegen, M. A. T, & Laney, C. D. 2008, A&A, 
488, 731 

Rosolowsky, E., & Simon, J. D. 2008, ApJ, 675, 1213 

Roussel, H., Gil de Paz, A., Seibert, M., Helou, G., Madore, B. R, & Martin, 

C. 2005, ApJ, 632, 227 
Rubin, R. H., Simpson, J. P., Colgan, S. W. J., Dufour, R. J., Brunner, G., 

McNabb, 1. A., Pauldrach, A. W. A., Erickson, E. R, Haas, M. R., & 

Citron, R. I. 2008, MNRAS, 387, 45 
Rudolph, A. L., Fich, M., Bell, G. R., Norsen, T, Simpson, J. R, Haas, 

M. R., & Erickson, E. R 2006, ApJS, 162, 346 
Russell, S. C, & Dopita, M. A. 1990, ApJS, 74, 93 
Sabbadin, R, Minello, S., & Bianchini, A. 1977, A&A, 60, 147 
Sandstrom, K. M., Peek, J. E. G., Bower, G. C, Bolatto, A. D., & Plambeck, 

R. L. 2007, ApJ, 667, 1161 
Savaglio, S., et al. 2005, ApJ, 635, 260 

Schaerer, D., Contini, T, & Pindao, M. 1999, A&AS, 136, 35 
Schild, H., Crowther, R A., Abbott, J. B., & Schmutz, W. 2003, A&A, 397, 
859 

Schild, H., & Tester, G. 1991, A&A, 243, 115 

— . 1992, A&A, 266, 145 

Searle, L. 1971, ApJ, 168, 327 

Seaton, M. J. 1979, MNRAS, 187, 73P 

S^rsic, J. L. 1966, Zeitschrift fur Astrophysik, 64, 212 

Shapley, A. E., Erb, D. K., Pettini, M., Steidel, C. C, & Adelberger, K. L. 

2004, ApJ, 612, 108 
Shaver, R A., McGee, R. X., Newton, L. M., Danks, A. C, & Pottasch, S. R. 

1983, MNRAS, 204, 53 
Shaw, R. A., & Dufour, R. J. 1995, PASP, 107, 896 
Shi, R, Zhao, G., & Liang, Y. C. 2007, A&A, 475, 409 
Shields, G. A. 1974, ApJ, 193, 335 

Simon-Dfaz, S., Herrero, A., Esteban, C, & Najarro, F. 2006, A&A, 448, 
351 

Simon-Dfaz, S., & Stasiiiska, G. 2008, MNRAS, 389, 1009 

Smartt, S. J., Crowther, P. A., Dufton, P. L., Lennon, D. J., Kudritzki, R. P., 

Herrero, A., McCarthy, J. K., & Bresolin, R 2001, MNRAS, 325, 257 
Smartt, S. J., & Rolleston, W. R. J. 1997, ApJ, 481, L47+ 
Smith, L. J., Norris, R. R R, & Crowther, R A. 2002, MNRAS, 337, 1309 
Soffner, T, Mendez, R. H., Jacoby, G. H., CiarduUo, R., Roth, M. M., & 

Kudritzki, R. R 1996, A&A, 306, 9 
Sofia, U. J. 2004, in Astronomical Society of the Pacific Conference Series, 

Vol. 309, Astrophysics of Dust, ed. A. N. Witt, G. C. Clayton, & B. T. 

Draine, 393 
Stasihska, G. 1978, A&A, 66, 257 
Stasihska, G. 1982, A&AS, 48, 299 
— . 1990, A&AS, 83, 501 
Stasihska, G. 2005, A&A, 434, 507 

Stasiiiska, G., Schaerer, D., & Leitherer, C. 2001, A&A, 370, 1 
Stasihska, G., Tenorio-Tagle, G., Rodriguez, M., & Henney, W. J. 2007, 

A&A, 471, 193 
Storey, R J., & Hummer, D. G. 1995, MNRAS, 272, 41 
Tayal, S. S. 2007, ApJS, 171, 331 
Tayal, S. S., & Gupta, G. R 1999, ApJ, 526, 544 

Tikhonov, N. A., Galazutdinova, O. A., & Drozdovsky, I. O. 2005, A&A, 
431, 127 

Tremonti, C. A., et al. 2004, ApJ, 613, 898 

Tnmdle, C, Dufton, P. L., Hunter, L, Evans, C. J., Lennon, D. J., Smartt, 
S. J., & Ryans, R. S. I. 2007, A&A, 471, 625 



24 



BresoUn et al. 



Trundle, C, Dufton, P. L., Lennon, D. J., Smartt, S. J., & Urbaneja, M. A. 

2002, A&A, 395,519 
Trandle, C, & Lennon, D. J. 2005, A&A, 434, 677 
Urbaneja, M. A., Herrero, A., Kudritzki, R.-R, Najarro, R, Smartt, S. J., 

Puis, J., Lennon, D. J., & Corral, L. J. 2005a, ApJ, 635, 311 
Urbaneja, M. A., Kudritzki, R.-R, BresoUn, R, Przybilla, N., Gieren, W., & 

Pietrzyiski, G. 2008, ApJ, 684, 118 
Urbaneja, M. A., et al. 2005b, ApJ, 622, 862 
van Dokkum, R G. 2001, RASP, 113, 1420 

Venn, K. A., McCarthy, J. K., Lennon, D. J., Przybilla, N., Kudritzki, R. P., 

& Lemke, M. 2000, ApJ, 541, 610 
Vila-Costas, M. B., & Edmunds, M. G. 1992, MNRAS, 259, 121 
Vila Costas, M. B., & Edmunds, M. G. 1993, MNRAS, 265, 199 



Vflchez, J. M. 1989, Ap&SS, 157, 9 

Vi'lchez, J. M., & Pagel, B. E. J. 1988, MNRAS, 231, 257 

Vflchez, J. M., Pagel, B. E. J., Diaz, A. I., Terlevich, E., & Edmunds, M. G. 

1988, MNRAS, 235, 633 
Vlajic, M., Bland-Hawthorn, J., & Freeman, K. C. 2009, ApJ, 697, 361 
Walcher, C. J., Boker, T., Chariot, S., Ho, L. C, Rix, H.-W., Rossa, J., 

Shields, J. C, & van der Marel, R. R 2006, ApJ, 649, 692 
Webster, B. L., & Smith, M. G. 1983, MNRAS, 204, 743 
Yin, S. Y., Liang, Y. C, Hammer, F., Brinchmaim, J., Zhang, B., Deng, 

L. C, & Flores, H. 2007, A&A, 462, 535 
Zaritsky, D., Kennicutt, Jr., R. C, & Huchra, J. R 1994, ApJ, 420, 87 



